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General introduction
Marnix Gorissen1, Marloes Vissers1, Gert Flik1 & Mark O. Huising1,2
1Department of Animal Physiology, IWWR, Radboud University Nijmegen
2e Clayton Foundation Laboratories for Peptide Biology, Salk Institute, USA
Parts of this introduction have been published in:
Animal Biology (2006) 56: 447-473 &
Leptin in Non-Mammalian Vertebrates (2010) pp 1–23. Ed. Maria Paolucci 
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With approximately 35,000 contemporary species (G. Flik, personal 
communication), teleostean fishes represent the most diverse vertebrate group. 
Fishes inhabit nearly every ecological niche imaginable, from the dark and 
cold deep sea to brightly lit coastal waters, from sub-freezing polar seas to 
warm tropical waters; indeed some fishes ventured onto the land. Besides 
being the most numerous in extant species, bony fish are also the earliest true 
vertebrates and this places them in a key evolutionary position. Therefore, 
research on fish provides us with important and original insights in the 
physiology of vertebrates; a physiology key to the success of all vertebrate life 
on earth.  
All animals have to eat. Homeostasis of energy reserves requires a careful 
balance between energy intake and expenditure (Schwartz et al. 2000). 
Whereas energy intake equals (mainly) food consumption and digestion, 
energy expenditure is the sum of basal metabolism, physical activity and (for 
endotherms) thermogenesis (Edholm 1977; Spiegelman & Flier 2001). Daily 
intake of energy can vary both within and between individuals as a result of 
environmental and social factors. Short-term mismatches in energy balance 
may and will occur, but in a healthy animal, energy expenditure over time 
accurately matches energy intake over several meals spanning a period 
(Edholm 1977). A striking example of this accuracy is given by Seeley & 
Woods (2003). For an average human male, a surplus of 0.5% of consumed 
energy per year would result in a yearly weight gain of 0.5 kg. As the average 
yearly increase of weight in the USA is less than 0.5 kg per adult, this 
illustrates that subtle dysregulation of the balance between energy input and 
expenditure is the basis of the current obesity epidemic in western societies.  
Over the last few decades, two different theories have been put forward on 
the identity of the main peripheral indicator of nutrient status that is 
perceived by the brain (the arcuate nucleus (ARC) in the hypothalamus in 
particular): the lipostatic theory (postulated by Kennedy, 1953) and the 
glucostatic theory (postulated by Mayer, 1955). The former is based on the 
hypothesis that the ARC monitors the storage and metabolism of fat; the 
latter on the hypothesis that the ARC monitors storage and metabolism of 
carbohydrates; certainly the hypotheses are not mutually exclusive. The 
debate has focused on which of these two hypotheses provides more insight 
into the regulation of energy homeostasis. Each theory has its imperfections 
and cannot fully explain the known variety in feeding behaviour or the fine 
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dynamics of energy balance regulation. Seeley & Woods (2003) conclude 
indeed that the lipostatic and glucostatic theories are not mutually exclusive, 
rather should be appreciated in a coordinated manner. However, in the same 
review, the role of glucose is played down since neurons are generally 
protected from glucose fluctuations, as it would be catastrophic for neurons to 
run out of metabolic energy sources. To prevent this to occur, a decrease in 
circulating glucose is quickly detected by the liver and the insulin secreting β-
cells in the pancreas, the result an immediate rise in plasma glucose. This 
raises the question if under physiological circumstances glucostatic regulation 
plays a major role in the central regulation of energy homeostasis. It is more 
likely that a depletion of glucose in the central nervous system (CNS) triggers 
an emergency feeding response and, in most situations, fluctuations in basal 
glucose levels would contribute minimally to maintaining energy sources 
(Seeley & Woods 2003).  
The lipostatic theory came into full attention from researchers again 
following the discovery of leptin (from the Greek word ‘λεπτος’ meaning 
‘lean’) (Zhang et al. 1994), a signal molecule produced – in mammals – in 
peripheral white adipose tissue. Leptin signals to the central nervous system in 
support of the lipostatic theory and plasma leptin levels reflect fat status in 
healthy individuals. Some 15 years before the discovery of leptin, insulin 
(from the Latin word ‘insula’ or ‘island’), produced in the pancreatic β-cells, 
was one of the first hormonal signals that was implicated in the control of 
food intake by the CNS (Woods et al. 1979). Leptin and insulin both meet 
criteria for a candidate adiposity signal since both hormones circulate in 
quantities proportional to body fat content (Maffei et al. 1995; Niswender et 
al. 2004) and, more importantly, enter the CNS in proportion to their 
plasma level (Schwartz et al. 2000). Furthermore, receptors for insulin and 
leptin are present in brain areas involved in the regulation of food intake and 
energy metabolism (Schwartz et al. 2000). The question that remains is how 
the lipostatic and glucostatic pathways are integrated. 
An important integrator of the peripheral signals regarding energy status is 
the hypothalamic ARC. In this nucleus, two reciprocal sets of neurons reside; 
one is orexigenic, inhibited by leptin, and expresses neuropeptide Y (NPY) 
and agouti-related peptide (AgRP; Broberger et al. 1998), whereas the other is 
anorexigenic, stimulated by leptin, and expresses pro-opiomelanocortin 
(POMC, in these neurons processed into α-melanocyte stimulating hormone: 
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α-MSH) and cocaine and amphetamine regulated transcript (CART; Elias et 
al. 1998).  
The ARC is at the basis of a complex and partly redundant hypothalamic 
circuit mediating the integration of peripheral signals regarding energy 
supplies. Among the most important nuclei are the paraventricular nucleus 
(PVN), periformical area (PFA) and the lateral hypothalamic area (LHA), 
which are all richly supplied by axons from arcuate neurons (Elmquist et al. 
1998; 1999). The PVN produces several anorexigenic neuropeptides 
including corticotropin-releasing factor (CRF), thyrotropin-releasing 
hormone (TRH) and oxytocin (Kow & Pfaff 1991; Heinrichs et al. 1993; 
Verbalis et al. 1995; Morton et al. 2006). Neurons in the PVN express 
receptors for NPY (Y1-R) and α-MSH (melanocortin 4 receptor; MC4R) and 
is richly innervated by ARC fibers, which led to the suggestion that the PVN 
integrates orexigenic and anorexigenic signals (Cowley et al. 1999). In fish, 
this central mechanism is present and apparently it has been conserved 
throughout the vertebrate lineage; the nomenclature of the hypothalamic 
nuclei involved differs (Volkoff et al. 2005; Gorissen et al. 2006).  
Hypoxia (low oxygen levels in the water) is a seasonal phenomenon in 
many coastal regions and estuaries, frozen ponds and occurs diurnally in 
eutrophic ponds due to photosynthetic activity by plants, algae and bacteria. 
Hypoxia elicits a complex transcriptional response, which is not yet fully 
understood, but it is largely under control of the transcription factor hypoxia 
inducible factor 1 (HIF1). In mammals, this response involves (among 
others) genes involved in angiogenesis and erythropoiesis, cell proliferation 
and glucose transport (Semenza 2002). Fish cannot always escape hypoxic 
conditions by migration, and therefore have developed adaptations to cope 
with low oxygen conditions. These include a marked suppression of appetite 
(chapter 3; Bernier et al. 2012) and reduction in metabolic activity to preserve 
precious energy fuels.  
Similar to hypoxia, alterations in ambient water temperature are challenges 
that many fish species have to cope with either seasonally (summer vs. winter) 
or diurnally (day vs. night). Temperature is a pervasive factor that influences 
all biological processes including diffusion rates, membrane properties and 
molecular interactions (Guderley 2004). Eurytherm fish species, such as 
common carp, are able to adapt to a wide range of ambient water temperature, 
and as most fish are ectotherms, function well over a wide range of body 
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temperatures. Among the characteristics of fish acclimated to low water 
temperatures are, just as in the response to hypoxia, a reduction in food 
intake and lowered metabolism.  
For over a decade, no bona-fide orthologue of the mammalian leptin gene 
could be cloned. In 2004 the first teleostean leptin orthologues were cloned in 
our lab (for common carp; Huising et al. 2006a) and the reason why this took 
so long became apparent; the first found (duplicate) carp leptin paralogues 
(leptin-a-I and leptin-a-II) share only 24 and 25% amino acid identity, 
respectively, with their human orthologue. Although the mere presence of a 
leptin gene in bony fishes is testimony to the evolutionary conservation of 
leptin, this strikingly low primary sequence conservation can hardly be what 
Zhang and co-workers had in mind when they addressed the evolutionary 
conservation of leptin using Southern blot hybridisation of a mouse Leptin 
probe with genomic DNA of fruit fly, eel and chicken, and concluded that 
leptin was ‘evolutionary conserved’. Now leptin has been demonstrated in 
several fish species, including zebrafish (Gorissen et al. 2009), carp (Huising et 
al. 2006a), Atlantic salmon (Rønnestad et al. 2010) and tiger pufferfish 
(Kurokawa et al. 2005). The tertiary structure of teleostean leptins is highly 
conserved (Kurokawa et al. 2005; Huising et al. 2006a; Gorissen et al. 2009; 
Prokop et al. 2012). As was shown for all other class-I α-helical cytokines, 
these proteins consist of four α-helixes in a typical up-up-down-down 
configuration (Huising et al. 2006b). Shortly after the report on cloning of a 
pufferfish leptin gene (Kurokawa et al. 2005), we advanced evidence for two 
paralogous leptin genes in common carp, that we designated leptin-I and 
leptin-II (Huising et al. 2006a). The expression of both leptin genes did not 
change after fasting for up to six weeks, nor after fish were fed to satiation and 
grew approximately twice as fast as control fish. Instead, leptin mRNA only 
showed a transient postprandial increase, an effect also seen in mammals 
(Saladin et al. 1995). 
Since these first reports on fish leptins, leptin genes in many more 
teleostean species have been identified, including rainbow trout (Murashita et 
al. 2008), Japanese ricefish (Kurokawa & Murashita 2009), Atlantic salmon 
(Kling et al. 2009; Rønnestad et al. 2010) and Atlantic charr (Frøiland et al. 
2010). The receptor genes, leptin receptor, have been identified in Marine 
medaka (Wong et al. 2007), tiger pufferfish (Kurokawa et al. 2008), Atlantic 
salmon (Rønnestad et al. 2010), zebrafish (Liu et al. 2010) and common carp 
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(our unpublished observation, accession number CAM57222). The picture 
emerging from these studies is that of a rather different (more original!) leptin 
physiology in fishes compared to mammalian leptin physiology. Most studies 
pinpoint the liver as the major site of expression of leptin, and although some 
studies report a decrease in food intake after recombinant leptin [both 
homologous (rainbow trout) and heterologous (goldfish)] administration (de 
Pedro et al. 2006; Murashita et al. 2008), others have reported elevated levels 
of leptin mRNA after fasting in rainbow trout (Kling et al. 2009).  
It is clear that leptin physiology in fishes may differ from that in mammals, 
and not surprisingly we already are finding differences between fish species 
and experimental conditions, illustrating that our understanding of leptin 
physiology is still in its infancy. Therefore, the main goal of the research 
described in this thesis was to gain more insight in teleostean leptin 
physiology, to better understand the original functions of leptin in these early 
vertebrates. In chapter 2, we describe highly divergent duplicate leptin genes 
in zebrafish (Danio rerio), which we named leptin-a and leptin-b and are the 
result of an ancient genome duplication early in the teleostean lineage. As a 
consequence, we amend the names of the earlier described carp leptin genes to 
leptin-a-I and leptin-a-II (that resulted from the tetraploidization of the carp 
genome approximately 16 million years ago). Despite the low sequence 
identity of both zebrafish orthologues compared to mammalian leptin, we 
demonstrate true orthology of these genes by analysis of gene structure, 
phylogeny, tertiary structure and synteny. Chapter 3 deals with the role of 
two carp leptin-a paralogues in the adaptation to low water oxygen levels 
(hypoxia). In chapter 4, we show that leptin-a genes in carp increase in 
response to low ambient water temperatures, and by doing so, serve in the 
acclimation to low ambient water temperatures. Chapter 3 and 4 highlight 
the unique adaptive abilities that make the common carp a model organism 
of choice, as common carp can tolerate low oxygen levels as well as low (and 
high) temperature of the ambient water. In both cases, as adaptive response 
carp reduce food intake and down-regulate metabolism; we investigated the 
role of leptin genes in this adaptation process. In chapter 5, we show that 
activity of the stress axis (Hypothalamus – Pituitary – Interrenal; HPI-axis) in 
carp is attenuated by elevated leptin activity. A perifusion set-up was used to 
show that recombinant human leptin (rhLep) decreases both basal and CRF 
induced release of adrenocorticotropic hormone (ACTH) from the pituitary 
gland, and decreases basal, but not ACTH sensitivity, from head kidney. In 
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chapter 6, we addressed, via bioinformatics, the evolutionary conservation 
of the signalling cascade downstream of the leptin receptor: the JAK/STAT 
pathway. JAK/STAT molecules show markedly higher primary sequence 
conservation in endocrine pathways compared to those serving roles in 
immunological pathways. We postulate a reconstruction of the evolutionary 
events that gave rise to the contemporary vertebrate JAK/STAT repertoire. In 
the general discussion (chapter 7), the main findings of this thesis are 
summarised and discussed in a wider perspective.  
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Abstract 
We describe duplicate leptin genes in zebrafish (Danio rerio) that share 
merely 24% amino acid identity with each other and only 18% with human 
leptin. We were also able to retrieve a second leptin gene in medaka (Oryzias 
latipes). The presence of duplicate leptin genes in these two distantly related 
teleosts suggests that duplicate leptin genes are a common feature of teleostean 
fishes. Despite low primary sequence conservation, we are confident in 
assigning orthology between mammalian and zebrafish leptins for several 
reasons. Firstly, both zebrafish leptins share their characteristic gene structure 
and display key features of conserved synteny with mammalian leptin genes. 
Secondly, the cysteine residues that make up leptin’s single disulphide bridge 
are equally spaced in mammals and zebrafish leptins and are unique among all 
members of the class-I α-helical cytokine family. Thirdly, the zebrafish leptins 
cluster with other fish leptins and mammalian leptins in phylogenetic 
analysis, supported by high bootstrap values. Within the leptin cluster, leptin-
b forms a separate clade with the leptin-b orthologue from medaka. Finally, 
our prediction of the tertiary structures shows that both leptins conform to 
the typical four α-helix bundle structure of the class-I α-helical cytokines. The 
zebrafish leptins are differentially expressed; the liver shows high leptin-a 
expression (in concordance with what we observed for carp leptins), while 
leptin-b is expressed at much lower levels, which are downregulated further 
upon fasting. The finding of duplicate leptin genes in teleosts adds to our 
understanding of the evolution of leptin physiology in the early vertebrate 
lineage.  
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Introduction 
The positional cloning of the obese (ob) gene in 1994 (Zhang et al. 1994), 
identified the factor responsible for the morbid obesity of ob/ob mutant mice. 
This gene encodes a unique member of the class-I α-helical cytokine family, a 
16 kDa protein named leptin after the Greek root λεπτος   for lean. It is made 
up of a characteristic four α-helix bundle conformation (Zhang et al. 1997). 
The key role of leptin in the regulation of body weight and energy 
homeostasis is well established (Schwartz et al. 2000; Morton et al. 2006). 
Leptin circulates in the bloodstream in proportion to the amount of body fat 
and signals to the brain. A major site of action is the arcuate nucleus (ARC), 
which contains two distinct populations of leptin-responsive neurons. One set 
co-expresses neuropeptide Y (NPY) and agouti-related protein (AgRP), is 
orexigenic and is inhibited by leptin (Broberger et al. 1998), while the other 
expresses pro-opiomelanocortin (POMC) and cocaine and amphetamine 
regulated transcript (CART), is anorexigenic and is stimulated by leptin (Elias 
et al. 1998).  
Zhang and co-workers addressed the evolution of leptin by hybridizing 
genomic DNA of vertebrates that originated early in vertebrate evolution, 
including teleostean fish, with a murine ob probe (Zhang et al. 1994). Positive 
signals from teleost genomic DNA led them to conclude that leptin is highly 
conserved throughout the vertebrates. Despite the detection of leptin-like 
immunoreactivity in the blood and liver it took more than a decade to 
characterize the first teleost leptin orthologue (Kurokawa et al. 2005; Huising 
et al. 2006a) or even amphibian leptin orthologues (Boswell et al. 2006; 
Crespi & Denver 2006). No bona-fide avian and reptilian leptin genes have 
been described to date (Huising et al. 2006b). Both fish and Xenopus leptin 
show a low degree of primary sequence conservation compared to human 
(varying from 13 to 30% amino acid identity, respectively). Although the 
mere presence of a leptin orthologue in teleost fish supports the notion of 
leptin’s evolutionary conservation, leptin is among the class-I α-helical 
cytokines with the poorest sequence conservation throughout the vertebrate 
subphylum (Huising et al. 2006b). In fish, a major site of leptin expression is 
the liver (Kurokawa et al. 2005; Huising et al. 2006a), which is rich in fat 
droplets and has therefore been suggested an appropriate site to monitor 
adipose stores. Yet, our understanding of the contribution of leptin to the 
regulation of energy metabolism in fish is scant and a key role of leptin in the 
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regulation of body weight and energy homeostasis in non-mammalian 
vertebrates has not been established thus far (Volkoff et al. 2005; Gorissen et 
al. 2006). In carp, hepatic leptin mRNA increases postprandially, but not 
after fasting or feeding to satiation for up to six weeks (Huising et al. 2006a).  
It is well known that teleost fish possess duplicate copies for a number of 
genes (Taylor et al. 2003; Volff 2005). Therefore, we searched the zebrafish 
genome database to see if leptin too occurs in duplicate. Here, we demonstrate 
duplicate leptin genes in zebrafish (Danio rerio). An earlier systematic search 
of the zebrafish genome database revealed a predicted leptin gene with high 
(61-62%) amino acid identity to both carp leptin-a-I and leptin-a-II 
(accession number BN000830) now designated leptin-a (Huising et al. 
2006a). We cloned this leptin gene and a second, substantially different and 
paralogous leptin gene in zebrafish. Both zebrafish leptin paralogues share 
24% primary amino acid sequence identity with each other and 18% with 
mammalian leptins. Zebrafish leptin-a shares high primary sequence 
conservation with both carp leptins (61-62%); leptin-b, however, shares only 
25% amino acid identity with both carp leptins. Despite these low identities, 
conservation of gene structure, tertiary structure, stable phylogenetic analysis 
and synteny substantiate the unambiguous orthology of zebrafish leptin-a and 
leptin-b with mammalian leptins. 
 
Materials and Methods 
Animals 
Zebrafish (Danio rerio) were commercially obtained and reared in two litre 
tanks at 26°C with recirculating, UV-treated, Nijmegen tap water. Eight fish 
were kept in a single aquarium and fed 2.5% body weight Tetra-min (Tetra, 
Melle Germany) each day. Eight other fish were not fed for two weeks. For 
the determination of leptin tissue distribution, fish were fed 2.5% body 
weight daily and sacrificed one hour after feeding. All fish were euthanized in 
a 0.1% (v/v) 2-Phenoxyethanol solution. Animal experiments were performed 
in accordance with national legislation and approved by the ethical committee 
of the Radboud University Nijmegen.  
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Identification of zebrafish leptin paralogues 
We screened the ENSEMBL zebrafish genome (www.ensembl.org) with 
several teleostean leptin sequences, using the BLAST algorithm (Altschul et al. 
1997). The initial screen revealed two leptin-like sequences, one of which was 
already predicted in an earlier screen of the zebrafish genome (third party 
annotation (TPA) accession number: BN000830; (Huising et al. 2006a)). 
Using primers zf.leptin-a.fw, leptin-a.rv and leptin-b.fw, leptin-b.rv (table 
2.1), based on these partial leptin sequences, two cDNA sequences were 
obtained from the liver and gonads, respectively. RNA isolation, cDNA 
synthesis, cloning and sequencing were carried out as previously described 
(Metz et al. 2005). Briefly, PCR products were ligated and cloned in TOP10 
chemically competent E. coli in the pCR4-TOPO vector (Invitrogen, 
Carlsbad, CA, USA). Plasmid DNA was isolated with a miniprep kit 
(BioRad, Hercules, USA) and sequences were determined from both strands 
using the ABI prism big dye terminator cycle sequencing ready reaction kit 
(Applied Biosystems, Foster City, USA).  
 
Table 2.1: primer sequences. Primer names that start with ‘Q’ indicate the primers used for 
qPCR.  
Gene Accession Nr. Primer Sequence 5´→ 3´ 
leptin-a AM920658 zf.leptin-a.fw ATG CGT TTT CCA GCT CTC 
  zf.leptin-a.rv TCA GCA GAT TTT CAG CTG GTC 
  Q-zf.leptin-a.fw GAC TGC ACA CTG AAG GAA TC 
  Q-zf.leptin.a.rv GCA CTG TCC TCT AGA AAA GC 
leptin-b AM901009 zf.leptin-b.fw ATG AAG TCT TCA ATG ATT TTT TGC 
  zf.leptin-b.rv CAG AGA ATG AAT GTC TCA GCC 
  Q-zf.leptin-b.fw ATT GCT CGA ACC ACC ATC AG 
  Q-zf.leptin-b.rv GAT GTC AGG GCC GAA ATC AA 
40S CA472846 Q-40S.fw AAA CAG CCC ACC ATC TTC CA 
  Q-40S.rv CTG TGA TAA CGA GGG AGC TTT TC 
β-actin AF025305 Q-BACT.fw CAA CAG GGA AAA GAT GAC ACA GAT 
  Q-BACT.rv CAG CCT GGA TGG CAA CGT 
 
Phylogenetic analysis 
Multiple sequence alignments were carried out using ClustalW 
(http://www.ebi.ac.uk/Tools/clustalw/; (Thompson et al. 1994)). A 
phylogenetic tree was constructed based on amino acid difference (p-distance) 
with the neighbour-joining algorithm (pairwise deletion) in MEGA version 
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3.1 (Kumar et al. 2004). The reliability of the tree was assessed by 
bootstrapping, using 1000 replications. Only full-length coding sequences 
were used for analysis.  
In order to determine synteny between the zebrafish leptin paralogues and 
human leptin, we mapped the upstream and downstream genes of leptin on 
the respective chromosomes of zebrafish and human using the ENSEMBL 
genome browser (www.ensembl.org).  
 
Table 2.2: List of BLAST hits following comparison between zebrafish leptin-a and leptin-b 
to the non-redundant protein database (nr). BLAST hits are scored by an ‘E value’, which 
applies statistical probability that the similarity between two sequences is based on stochastic 
events. 
Accession number Species Description E value 
leptin-a    
BN000380 Zebrafish leptin-a 5 ×  10-89 
AJ868357 Common carp leptin-a-I 7 ×  10-49 
AJ868356 Common carp leptin-a-II 2 ×  10-48 
ABV57772 Goldfish leptin-a-II 2 ×  10-32 
AAZ66785 Channel catfish leptin 2 ×  10-14 
AY884210 Xenopus laevis leptin 6 ×  10-9 
AAY68394 Tiger salamander leptin 9 ×  10-6 
AM901009 Zebrafish leptin-b 2 ×  10-5 
leptin-b    
AM901009 Zebrafish leptin-b 7 ×  10-58 
AJ868356 Common carp leptin-a-II 5 ×  10-8 
AJ868357 Common carp leptin-a-I 2 ×  10-7 
ABV57772 Goldfish leptin-a-II 9 ×  10-7 
BN000380 Zebrafish leptin-a 9 ×  10-7 
AAZ66785 Channel catfish leptin 1 ×  10-4 
 
Modelling of tertiary structures 
The structure of human leptin (PDB entry 1AX8), which was resolved at 
2.4 Å resolution (Zhang et al. 1997), was used as a template to build models 
of zebrafish leptin-a and leptin-b. Initial alignments were obtained from the 
PSIPRED fold recognition server (McGuffin & Jones 2003). Side-chain 
rotamers were modeled using SCWRL3.0 (Canutescu et al. 2003). Both 
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models were refined in YASARA using the YAMBER2 forcefield (Krieger et 
al. 2004). Coordinate files are available from the authors on request. 
leptin-a 
    1 M  R  F  P  A  L  R  S  T  C  I  L  S  M  L  S  L  I  H  C   
       1 atgcgttttccagctctccgctcaacctgtattttgagcatgctcagtttgattcattgc 
      21 I  P  V  H  Q  H  D  R  K  N  V  K  L  Q  A  K  T  I  I  V   
      61 attcccgttcatcagcatgaccggaaaaatgtcaaactgcaggcaaagaccatcatcgtc 
      41 R  I  R  E  H  I  D  G  Q  N  L  L  P  T  L  I  I  G  D  P   
     121 agaatcagggaacacattgacgggcaaaatttacttccaacgctcatcattggggatcca 
      61 G  H  Y  P  E  I  P  A  D  K  P  I  Q  G  L  G  S  I  M  E   
     181 ggacattatccagagattcccgctgacaaacccatccaagggctcggctccatcatggaa 
      81 T  I  N  T  F  H  K  V  L  Q  K  L  P  N  K  H  V  D  Q  I   
     241 accattaataccttccacaaggttcttcagaagcttccaaataagcatgttgaccagata 
     101 R  R  D  L  S  T  L  L  G  Y  L  E  G  M  D  C  T  L  K  E   
     301 cgccgagatctatccacacttctgggttacctggaaggcatggactgcacactgaaggaa 
     121 S  T  N  G  K  A  L  D  A  F  L  E  D  S  A  S  Y  P  F  T   
     361 tcaacaaatgggaaagcgctggacgcttttctagaggacagtgcttcatatccctttact 
     141 L  E  Y  M  T  L  N  R  L  K  Q  F  M  Q  K  L  I  D  N  L   
     421 ttagagtacatgactttaaacagactgaaacagtttatgcaaaagctgatcgataatctg 
     161 D  Q  L  K  I  C  *   
     481 gaccagctgaaaatctgctga  
 
leptin-b 
    1 M  K  S  S  M  I  F  C  L  L  I  S  S  L  V  A  V  S  I  S   
       1 atgaagtcttcaatgattttttgcttgttaatatcatccctggtggccgtgagcatcagt 
      21 R  P  T  A  P  E  D  R  I  R  I  I  A  R  T  T  I  S  R  I   
      61 cgacccacggctcccgaagacaggatacgaatcattgctcgaaccaccatcagccgaatt 
      41 K  K  I  K  D  E  H  F  Q  M  S  P  E  I  D  F  G  P  D  I   
     121 aaaaaaatcaaagatgagcacttccagatgtctccagagattgatttcggccctgacatc 
      61 D  N  P  I  D  G  L  S  S  V  L  S  Y  L  S  Y  L  Q  L  R   
     181 gacaaccccattgatggtctcagttctgtcttgagttacttgagttacctgcagttgcgg 
      81 L  H  V  P  P  A  Q  H  L  Q  Q  V  Q  I  D  L  E  T  L  L   
     241 ttgcatgttcctccagctcagcacctacagcaggtccagatagacttagagactctcctg 
     101 R  T  L  E  E  L  A  V  S  Q  G  C  P  L  P  N  P  E  T  P   
     301 aggacactggaggaactggccgtctcacagggatgccctctacccaatcccgagaccccg 
     121 V  H  K  E  E  T  A  F  P  V  T  S  N  Y  L  H  L  L  E  L   
     361 gtgcataaagaagaaacagccttccccgtcacctccaactacctgcacctcctggagctc 
     141 Q  R  F  L  E  K  L  C  L  N  I  D  K  L  K  Y  C  K  D  T   
     421 cagaggttcctggagaagctctgcctcaacatagacaaactgaaatactgcaaagataca 
     161 D  V  A  E  T  F  I  L  *   
     481 gatgtggctgagacattcattctctga 
Figure 2.1: cDNA and deduced amino acid sequence of the coding sequence of zebrafish 
leptin-a and leptin-b. Accession numbers are AM920658 and AM901009 respectively.  
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Expression of zebrafish leptins 
Relative expression of zebrafish leptin paralogues was assessed by real-time 
qPCR. We designed primers using primer express software (Table 2.1; 
Applied Biosystems). Five µl cDNA and 300 nM forward and reverse primers 
were added to 12.5 µl SYBR Green mastermix (Applied biosystems). The 
total volume was adjusted to 25 µl with deionised H2O. qPCR (ten minutes 
95°C, 40 cycles of 15 seconds 95°C and one minute 60°C) was carried out 
using a GeneAmp 7500 sequence detection system (Applied Biosystems). 
Different samples were run on a single plate. Dual internal standards (40S 
ribosomal protein S11 and β-actin) were incorporated in all measurements and 
results were confirmed to be very similar following standardisation to either 
gene. Only results relative to 40S are shown. Constitutive expression of leptin 
in zebrafish organs and tissues was corrected for primer efficiency and plotted 
as a ratio between target gene vs. reference gene. Relative expression of leptin 
paralogues in the liver following fasting was corrected for primer efficiency 
and reference gene, and plotted relative to controls. 
 
Figure 2.2: Multiple sequence alignment of zebrafish leptins, carp leptins and human 
leptin. Asterisks indicate amino acids that are conserved in all sequences, whereas colons and 
dots reflect decreasing levels of amino acid similarity. The four helices (A-D) were inferred 
from human leptin and are boxed in the alignment. The cysteine residues that form leptin’s 
single disulphide bridge are indicated in grey.  
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Results 
Zebrafish expresses duplicate and divergent leptin genes 
A systematic BLAST search of the Ensembl zebrafish genome database 
with mammalian leptin sequences revealed two partial leptin sequences, one of 
which represented leptin-a (already described by Huising et al, 2006), the 
other represented a new leptin-like orthologue that we named leptin-b.  
 
 
Figure 2.3: The gene structure of zebrafish leptins and human leptin is conserved. Boxes 
represent coding exons only and are drawn to scale. Numbers inside the boxes reflect exon 
sizes in nucleotides. The intron phase is indicated with underlined numbers.  
 
 
Figure 2.4: Protein models of the duplicate zebrafish leptins and human leptin. Human 
leptin (A), zebrafish leptin-a (B) and leptin-b (C).  
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The (automated) genomic sequences were corrected by hand for correct 
splice sites and the obtained sequences were used in a homology cloning 
approach to identify both leptin cDNA sequences. Protein-protein BLAST 
(BLASTp) showed significant hits with other fish leptins (table 2.2). The 
cDNA- and deduced amino acid sequences of zebrafish leptins are shown in 
figure 2.1. Both leptin-a and leptin-b are comparable in size, 166 and 168 
amino acids respectively, both with a predicted signal peptide of 20 amino 
acids.  
 
Figure 2.5: Phylogenetic tree of vertebrate leptins. Numbers at the branches reflect the 
confidence levels as obtained by bootstrapping (1000 replications). Growth hormone (GH) 
and ciliary neurotrophic factor (CNTF; both class-I α-­‐helical cytokines) were included as 
out-group. Only full-length sequences were used for phylogenetic analysis. Accession 
numbers are as follows: chimpanzee leptin: O02750, human leptin: P41159, mouse leptin: 
P41160, dog leptin: O02720, cattle leptin: P50595 (continued on page 31) 
Human leptin
Chimpanzee leptin
Mouse leptin
Dog leptin
Cow leptin
Fat-tailed dunnart leptin
South-African clawed frog leptin
Tiger puersh leptin
Green-spotted puersh leptin
Japanese medaka leptin-a
Rainbow trout leptin
Zebrash leptin-a
Common carp leptin-a-I
Common carp leptin-a-II
Zebrash leptin-b
Japanese medaka leptin-b
Human GH
Zebrash GH
Human CNTF
Mouse CNTF100
100
100
91
52
100
100
100
100
100
100
99
64
98
57
25
28
0.1
DUPLICATE LEPTIN GENES IN FISH 
	   31 
Previously, we described two highly similar leptin genes in common carp 
(Huising et al. 2006a) which we designated leptin-I and leptin-II. These carp 
leptin paralogues are likely the result of the recent genome duplication ~16 
million years ago (Mya) that led to the tetraploidization of the common carp 
genome (Larhammar & Risinger 1994). Our results suggest that zebrafish 
leptin-a and leptin-b are the result of the ancient genome duplication that 
teleostean fish experienced (Taylor et al. 2003; Volff 2005). Therefore, we 
amend the names of the previously described carp leptins to leptin-a-I and 
leptin-a-II.  
We want to stress that the low amino acid identity of the leptin proteins 
between fish and mammals serves as a reminder that we assign the name 
leptin solely based on the structural similarities described above. Orthologous 
proteins do not by default share analogous roles, particularly proteins that 
share so little of their primary amino acid sequences as teleostean and 
mammalian leptins do.  
Characteristics of zebrafish leptins 
The amino acid identity between zebrafish leptin-a and leptin-b is 24%. 
Zebrafish leptin-a is more similar (60% primary amino acid sequence 
identity) to carp leptin-a-I and leptin-a-II. The identity between zebrafish 
leptin-b and carp leptins is at 25% only marginally higher than the identity 
between leptin-b and mammalian leptins (19%; figure 2.2). The cysteine 
residues that make up leptin’s single disulphide bridge, connecting the 
carboxy-terminal ends of α-helices C and D are conserved. Both zebrafish 
leptin genes are encoded by two exons that are similar in size compared to 
mammalian leptins (figure 2.3). Zebrafish leptin genes possess a short intron; 
with consensus 5’ donor (gt) and 3’ acceptor (ag) splice sites. The intron 
phase indicates whether the intron is situated in between triplets (phase 0), or 
following the first or second base of a triplet (phase 1 or phase 2 respectively). 
The intron phase for both zebrafish leptins is identical to the intron phase of 
mammalian leptins: phase 0.  
Figure 2.5 continued: fat-tailed dunnart leptin: AF159713, Sout-African clawed frog 
leptin: AY884210, carp leptin-a-I: AJ836745, carp leptin-a-II: AJ836744, zebrafish leptin-a: 
AM920658, rainbow trout leptin: AB354909, zebrafish leptin-b: AM901009, medaka leptin-
a: AB193548, medaka leptin-b: BN001183, tiger pufferfish leptin: AB193547, green-spotted 
pufferfish leptin: AB193549, human GH: P01241, zebrafish GH: Q1JQ34, human CNTF: 
P26441, mouse CNTF: P51642. 
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Our models of both zebrafish leptins conform to the typical four α-helix 
conformation (up-up-down-down) of human leptin (figure 2.4), indicating 
that the tertiary structures of zebrafish leptins are comparable to mammalian 
leptins. In contrast to all other leptin sequences, leptin-b contains an 
additional cysteine residue in helix D. From the position of this cysteine 
(indicated in red in figure 2.4) we cannot draw firm conclusions regarding the 
availability of this cysteine to form intermolecular disulphide bridges. 
 
 
 
Figure 2.6: The synteny between the human leptin locus and both zebrafish leptin loci is 
conserved. A comparison between the human leptin locus (7q32.1) and the zebrafish leptin 
loci (located on chromosome 18 and 4 respectively) reveals that adjacent to both zebrafish 
leptins there are multiple genes that lie adjacent to human leptin. Arrows reflect genes, the 
direction of the arrow the orientation of the gene. Genes are not drawn to scale, nor is 
intergenic space included. Abbreviations: ARF5: ADP-ribosylation factor 5, RBM28: RNA 
Binding Protein Motif 28, SND1: Staphylococcal nuclease domain-containing protein 1, 
GCC1: GRIP and coiled-coil domain containing 1.  
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Phylogeny of zebrafish leptins 
The zebrafish leptin paralogues cluster together with other vertebrate 
leptin proteins, supported by a high bootstrap value (98), supporting the 
orthology of both zebrafish leptins with mammalian leptins (figure 2.5). 
Within the leptin cluster, the overall topology of the phylogenetic tree 
adheres to the established pattern of evolution, as the teleost leptin cluster 
branches off before the separation of the amphibian and mammalian cluster. 
Within the mammalian leptin cluster, the only known sequence of a 
marsupial leptin (that of the fat-tailed dunnart) branches outside the leptin 
sequences of placental mammals. In the teleost leptin cluster, zebrafish leptin-
a and the carp leptins form a separate clade. We also screened other fish 
databases in order to assess the presence of leptin-b orthologues in other 
teleostean fish species. Using the zebrafish leptin-b sequence in a BLAST 
search of the ENSEMBL medaka (Oryzias latipes) genome, we retrieved a 
leptin-b orthologue with 28% amino acid identity to zebrafish leptin-b 
(BN001183). Zebrafish and medaka leptin-b form a separate clade within the 
teleostean leptin cluster.  
Both zebrafish leptin genes share synteny with human leptin  
To further substantiate the orthology of the zebrafish leptin paralogues to 
mammalian leptins, we compared the synteny of both zebrafish leptins with 
human leptin. Synteny refers to the order and orientation of the genes on a 
chromosome and tends to be a conserved feature across species. For each 
zebrafish leptin, several genes are found in synteny with mammalian leptin 
(figure 2.6). The leptin-a gene of zebrafish is located next to RNA binding 
motif 28 (rbm28), as is the human leptin gene. In close proximity of leptin-b, 
Staphylococcal nuclease domain-containing protein 1 (snd1) and GRIP and 
coiled-coil domain containing 1 (gcc1) are found – again, these are also found 
in close proximity of human leptin.  
Constitutive expression of zebrafish leptins 
Zebrafish leptins (figure 2.7) show a differential expression pattern. 
Whereas leptin-a is prominently expressed in the liver, in accordance with 
previous observations of carp leptin-a-I and -II, leptin-b is not. Leptin-a is 
expressed at higher levels than leptin-b in most organs except the ovary, which 
is a major site of leptin-b expression.   
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Leptin expression after fasting for one week 
To gain insight in possible physiological functions of the leptin paralogues, 
we investigated leptin expression after fasting for one week. Leptin-a mRNA 
levels show no significant response to fasting for one week (figure 2.8). In 
contrast, hepatic leptin-b expression is significantly downregulated (P < 0.05) 
after one week of food deprivation.  
 
 
Figure 2.7: Basal expression of leptin-a (open bars) and leptin-b (closed bars). Leptin-a and 
leptin-b are constitutively expressed in all organs investigated. Bars represent the mean value 
of four individual zebrafish. Error bars indicate S.D.  
 
Discussion 
Zebrafish possesses duplicate leptin genes, coding for leptin-a and leptin-b, 
that differ substantially from each other (24% amino acid identity). It is 
possible that a major genome duplication that took place ~300 Mya in the 
early fish lineage (Taylor et al. 2003; Volff 2005) resulted in duplicated 
leptins. The discovery of a leptin-b orthologue in the Japanese medaka 
supports this view as zebrafish and medaka represent two distant teleost 
lineages, the Cypriniformes and the Beloniformes respectively, that shared their 
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last common ancestor ~296 Mya (Hoegg & Meyer 2005; figure 2.9). In 
contrast, from the primary sequence identity and phylogenetic analysis, it 
follows that the duplicate carp leptins that we described recently (Huising et 
al. 2006a) likely resulted from the more recent genome duplication in carp 
(~16 Mya; (Larhammar & Risinger 1994)) and represent the duplicated 
orthologues of zebrafish leptin-a. Therefore, we propose that these carp leptin 
sequences should be renamed leptin-a-I and leptin-a-II. This observation, 
combined with the identification of leptin-b in two distantly related fish 
substantiates the view that more bony fishes express orthologues of leptin-b.  
Gene duplications, and genome duplications in particular, are considered 
the main thrust contributing to the expansion of an organism’s gene 
repertoire, as the presence of newly duplicated paralogues allows one of the 
two paralogues of a pair to drift and on occasion acquire a novel function 
while the original function is maintained by the other. Gene duplications in 
the teleost lineage are common, and there are several well-documented 
examples of large-scale (often referred to as whole) genome duplication 
events. A major genome duplication (Taylor et al. 2003; Volff 2005) is 
thought to have yielded several duplicate class-I α-­‐helical cytokines, viz. 
duplicate interleukin-11 (Huising et al. 2005), il-12p35 (Huising et al. 
2006c), cxccl12 (Huising et al. 2004) and cytokine receptor [il12p40; 
(Huising et al. 2006c)] genes. We could not retrieve a leptin-b orthologue 
from the available pufferfish genomes (tiger pufferfish; Takifugu rubripes, and 
the green spotted pufferfish; Tetraodon nigroviridis). While one reason for our 
inability to retrieve leptin-b orthologues from these species may be that their 
respective genomes are incomplete, it is also possible that the 
Tetraodontoformes may have lost leptin-b from their gene repertoire. In the 
genome of T. nigroviridis, we found two regions with a conserved genomic 
neighbourhood compared to human leptin. Indeed, only one of these loci 
carries a leptin orthologue, which is strong support for the hypothesis that the 
pufferfish lineage does not possess duplicate leptin genes.  
Recently, multiple entries have been submitted in the EMBL database for 
several fish leptin orthologues that all share 97-99% sequence similarity at the 
nucleotide level (AY497007, AY547279, AY547322, AY551335, AY551336, 
AY551337, AY551338, AY551339, AY551340, DQ784814, DQ784815, 
DQ784816). Non-synonymous substitutions are subject to selection as they 
result in differences in amino acid sequence, whereas synonymous 
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substitutions are generally not. Therefore, the almost complete absence of 
synonymous substitutions (over 97% nucleotide identity) between these 
deposited ‘teleost’ leptin sequences and mammalian leptin sequences would 
represent an extraordinary and very unlikely example of evolutionary 
convergence, as teleosts and mammals shared their last common ancestor over 
450 million years ago. Instead these sequences should be regarded as artefacts. 
A similar situation unfortunately has occurred for chicken leptin, that was 
reported to be highly similar to mouse leptin by two independent groups 
(Taouis et al. 1998; Ashwell et al. 1999). Subsequent studies have raised 
concerns regarding the validity of these published chicken leptin sequences 
(Friedman-Einat et al. 1999; Doyon et al. 2001; Huising et al. 2006b; Sharp 
et al. 2008).  
 
Figure 2.8: Leptin-a and leptin-b expression after one week fasted (closed bars) and fed 
(control, open bars) zebrafish. Leptin-b mRNA decreases significantly (P < 0.05) after fasting 
for a week. Bars represent the mean value and error bars indicate S.E.M.  
 
Despite the relatively low amino acid conservation that was previously 
noted for other teleost leptins, we are confident to assign orthology between 
zebrafish leptin-b and mammalian leptins, supported by several key features of 
zebrafish leptin-b. First, both zebrafish leptin genes are encoded by two exons 
of comparable size to the ones coding for mammalian leptins. Vertebrate class-
I α-helical cytokines are typically encoded by three or more (usually five) 
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exons. In fact, the only class-I α-helical cytokine other than leptin composed 
of two exons is ciliary neurotrophic factor (CNTF) (Huising et al. 2006b), 
which differs substantially in primary sequence as well as gene structure from 
leptin. Furthermore, the spacing of the two cysteine residues that make up 
leptin’s single disulphide bridge is unique among class-I α-helical cytokines 
(Huising et al. 2006b). Thirdly, the stable phylogenetic clustering of the 
zebrafish leptin sequences with other fish leptins, as with the mammalian 
leptins supports the unambiguous identity of the two zebrafish leptins. 
Finally, the predicted tertiary structure of zebrafish leptins, conforming to the 
human crystal structure of leptin, and the conservation of synteny between 
the mammalian leptin-locus and both zebrafish leptin loci further strengthens 
the assignment of orthology between zebrafish leptins and mammalian leptins.  
An intriguing feature of the leptin-b sequence is the cysteine residue at the 
N-terminus of α-helix D. We designed 3D models of leptin-b to address the 
spatial orientation of this additional cysteine residue to see if this free cysteine 
would potentially be surface-exposed – and thus available for disulphide 
bridging – or is buried within the leptin’s hydrophobic core. These models 
did not allow a firm prediction of the availability of this cysteine to form 
disulphide bridges, either within one leptin molecule or between two 
molecules because its position in the models is at the boundary of the protein 
surface and the protein core. It is possible that the residue is buried within the 
protein, and as a result not exposed to the environment and not available for 
disulphide interactions. The predicted mature leptin-b peptide contains no 
cysteine to form a disulphide bridge with the helix-D cysteine. A similar 
phenomenon has been observed for interleukin-11 genes in teleosts. Fish IL-
11a and IL-11b both possess a single cysteine residue near the C-terminus, 
whereas mammalian IL-11 does not (Huising et al. 2005). Medaka leptin-b 
lacks an additional cysteine, indicating that this is not a universal feature 
among teleostean leptin-b proteins. The elucidation of additional teleost 
leptin-b sequences will shed light on the uniqueness of this characteristic of 
zebrafish leptin-b.   
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Figure 2.9: General phylogenetic tree of vertebrate evolution. Mammals and teleosts 
share their last common ancestor ~450 Mya. The finding of duplicate leptin paralogues in the 
medaka (Beloniformes) and zebrafish (Cypriniformes) dates the duplication event that gave rise 
to the duplicated leptins to ~296 Mya, as these species shared their last common ancestor at 
that time point. The tetraploidization of the carp genome (~16 Mya) is likely the event that 
gave rise to paralogous leptin-a-I and leptin-a-II in carp. Divergence estimates are based on 
(Zardoya & Doadrio 1999; Hedges 2002; Hoegg & Meyer 2005; Volff 2005) 
 
We observed substantial differences between the expression patterns of 
zebrafish leptin-a and leptin-b. It is now generally accepted that leptin, in 
addition to its ‘classical’ role is truly pleiotropic (Popovic et al. 2001; De Rosa 
et al. 2007). Indeed in zebrafish, leptin-a and leptin-b are expressed in 
considerable amounts in the pituitary gland. We do not know the exact 
nature of the pituitary cells that (co-) express leptin in fish, nor the exact 
function of this leptin; in mammals it is known that leptin is expressed in 
around 70% of the corticotropes and to a lesser extent in somatotropes 
(21%), gonadotropes (29-33%), and thyrotropes (32%) (Popovic et al. 
2001). We propose that fish leptin produced in the pituitary gland must have 
additional, local (paracrine?) functions that allow zebrafish to maintain 
equilibrium in the face of challenges to homeostasis.  
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Whereas the high level of expression of leptin-a in the zebrafish liver 
conforms to the expression pattern observed for carp leptins, leptin-b is 
expressed at lower levels in the liver. Interestingly, it is this hepatic leptin-b 
mRNA level that decreases after fasting. The sheer size of the fish liver may 
guarantee a sufficient output of leptin(-b) protein, despite the relatively low 
leptin-b expression level.  
Leptin-b shows highest expression in the ovaries, which hardly express 
leptin-a. In mammals, leptin serves a function in the regulation of 
reproduction as ob/ob mice treated with leptin recover fertility (Caprio et al. 
2001; Archanco et al. 2003). Given the high expression of leptin-b in 
zebrafish ovaries, the reproductive function of leptin in this species may be 
carried out by leptin-b.  
In addition to the marked differences in leptin’s primary sequences 
between teleosts and mammals – which indicates potential differences in 
function – we now have demonstrated the existence of a second, equally 
divergent leptin in zebrafish and medaka that is likely a feature shared by 
more teleost fishes. The future challenge will be to unravel the physiological 
function of both leptin genes. In fact, the presence of two highly divergent 
orthologues of mammalian leptin in bony fish is testimony to the dynamic 
evolutionary history of leptin as it suggests the possibility of a redundant 
leptin network in teleosts. Furthermore, it adds fuel to the proposition that 
fish leptins, acting redundantly or independently, have acquired 
fundamentally different roles compared to mammalian leptins.  
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Abstract 
Appetite-suppression is a common response to hypoxia in fish that confers 
significant energy savings.  Yet little is known about the endocrine signals 
involved in the regulation of food intake during chronic hypoxia.  Thus, we 
assessed the impact of chronic hypoxia on food intake, the expression of the 
potent anorexigenic signal leptin and its receptor (lepr), the mRNA levels of 
key hypothalamic appetite-regulating genes, and the activity of the 
hypothalamic-pituitary-interrenal (HPI) axis in common carp (Cyprinus 
carpio). Fish exposed to 10% O2 saturation for 8 days were chronically 
anorexic and consumed on average 79% less food than normoxic controls.  
Hypoxia also elicited gradual and parallel increases in the expression of liver 
leptin-a-I, leptin-a-II, lepr and erythropoietin, a known hypoxia-responsive 
gene. In contrast, the liver mRNA levels of all four genes remained 
unchanged in normoxic fish pair-fed to the hypoxia treatment. In the 
hypothalamus, expression of the appetite-regulating genes was consistent with 
an inhibition and stimulation of hunger in the hypoxic and pair-fed fish, 
respectively, and reduced feed intake led to a decrease in lepr. Although both 
treatments elicited similar delayed increases in plasma cortisol, they were 
characterized by distinct HPI axis effector transcript levels and a marked 
differential increase in pituitary lepr expression. Together, these results show 
that a reduction in O2 availability, not feed intake, stimulates liver leptin-a 
expression in common carp and suggest that this pleiotropic cytokine may be 
involved in the regulation of appetite and the endocrine stress response during 
chronic hypoxia.   
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Introduction 
Large fluctuations in oxygen availability are a common feature of diverse 
aquatic habitats (Diaz & Brietburg 2009). As a result, many fish species 
routinely encounter environmental hypoxia and have evolved a variety of 
coping strategies (Richards 2009). One behavioral response to hypoxia 
observed in both hypoxia-tolerant and -sensitive species is a reduction in food 
intake (Pedersen 1987; Chabot & Dutil 1999; Buentello et al. 2000; 
Pichavant et al. 2001; Zhou et al. 2001; Bernier & Craig 2005; Ripley & 
Foran 2007). A similar response to hypoxic conditions has also been observed 
in fruit fly (Harrison & Haddad 2011), rodents and humans (Quintero et al. 
2010). In general, among the hierarchy of responses associated with hypoxia 
in fish, appetite suppression is a strategy that is recruited relatively early in the 
overall response to decreasing oxygen levels (Boutilier et al. 1988; Pichavant et 
al. 2001; Bernier & Craig 2005). Food intake is typically independent of 
oxygen availability above a species-specific threshold and directly related to 
dissolved oxygen concentration below this value (Bernier 2010). Overall, 
despite the importance of appetite suppression for the prioritization of oxygen 
use during a hypoxic challenge and the evolutionary conserved nature of this 
response, the mechanisms responsible for this strategy are poorly understood.  
The regulation of food intake in fish, as in other vertebrates, involves a 
complex hypothalamic neuronal circuitry that integrates and processes short- 
and long-term peripheral signals related to the energetic status of the animal 
with cognitive information and sensory cues (Volkoff et al. 2005; Bernier 
2010). In return, these hypothalamic neurons produce multiple appetite-
stimulating (orexigenic) and -inhibiting (anorexigenic) neuropeptides that 
participate in the regulation of energy balance and food-seeking behaviour 
(Gorissen et al. 2006; Matsuda 2009). Among the central factors which 
promote a decrease in food intake are two related peptides which also play a 
key role in the regulation of the hypothalamic–pituitary–interrenal (HPI) axis 
and the coordination of the stress response in fish, namely corticotropin-
releasing factor (CRF) and urotensin I (UI) (Bernier 2006; Bernier et al. 
2009). For example, endogenous CRF-related peptides mediate at least a 
portion of the reduction in food intake and stimulation of the HPI axis that 
characterize the short term response to hypoxia in rainbow trout (Bernier & 
Craig 2005).  Chronically, however, although the appetite-suppressing effects 
of hypoxia are sustained (Pichavant et al. 2001; Zhou et al. 2001), CRF-
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related peptides do not appear to play a role in mediating the anorexia and 
the mechanisms responsible have yet to be determined (Bernier & Craig 
2005). 
A potent anorexigenic signal which may be involved in the regulation of 
food intake during hypoxic conditions is leptin. Primarily produced by white 
adipose tissue in mammals, leptin inhibits food intake by inhibiting the 
hypothalamic expression of the orexigenic signals neuropeptide Y (NPY) and 
agouti-related peptide (AgRP), and by stimulating the expression of the 
anorexigenic signals α-melanocyte-stimulating hormone (a product of the 
prohormone pro-opiomelanocortin (POMC)) and cocaine- and 
amphetamine-regulated transcript (CART) (Ahima & Flier 2000; Myers et al. 
2008). Similarly, although fish and mammalian leptins share low sequence 
identity and the main site of leptin expression in fish is the liver (Kurokawa et 
al. 2005; Huising et al. 2006), the general consensus is that leptin does 
inhibit food intake in fish and affects the expression of hypothalamic 
appetite-regulating genes (Murashita et al. 2008; Denver et al. 2010; Li et al. 
2010; Copeland et al. 2011; Murashita et al. 2011). In cyprinids, 
intracerebroventricular (icv) injections of murine (Volkoff et al. 2003) or 
human leptin (de Pedro et al. 2006) in goldfish (Carassius auratus), and 
intraperitoneal (ip) injection of recombinant native leptin in grass carp 
(Ctenopharyngodon idellus) caused significant decreases in food intake (Li et al. 
2010). Similarly, both recombinant native leptin injected ip (Murashita et al. 
2008) and human leptin given icv (Aguilar et al. 2010) reduced food intake in 
rainbow trout.   
In mammals, leptin expression is regulated by adiposity, several hormones 
and hypoxia (Ahima & Flier 2000; Ambrosini et al. 2002). For example, 
fasting leads to a decrease in adipose tissue leptin production (Trayhurn et al. 
1995) and chronic hypoxia is associated with an increase in leptin expression 
(Grosfeld et al. 2002). While there is evidence that leptin and leptin receptor 
(lepr) isoforms are also hypoxia-sensitive in fish (Wong et al. 2007; Chu et al. 
2010; Cao et al. 2011), in general the effects of fasting on hepatic leptin 
expression are equivocal (Huising et al. 2006; Gorissen et al. 2009; Kling et 
al. 2009; Rønnestad et al. 2010), and the relationships between food intake, 
leptin expression and the hypothalamic regulation of appetite during hypoxia 
have yet to be determined. 
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Thus, in this study, to further our understanding of the mechanisms 
involved in mediating the appetite-suppressing effects of hypoxia in fish, we 
assessed the short (1 day) and longer term (4 and 8 days) impact of chronic 
hypoxic conditions on feeding, the expression of hepatic leptin, lepr, the 
mRNA levels of key hypothalamic appetite-regulating genes, and the activity 
of the HPI axis in common carp (Cyprinus carpio), a species well known for 
its hypoxia tolerance (Zhou et al. 2001). Moreover, to differentiate between 
the proximal effects of a reduction in energy intake from those of hypoxia, we 
compared the effects of chronic hypoxia to those of restricted feed intake on 
the above parameters. 
 
Materials and Methods 
Animals 
Common carp (Cyprinus carpio L.) were obtained from Viskweekcentrum 
Valkenswaard (Valkenswaard, the Netherlands) and kept in 150-litre tanks 
with circulating filtered Nijmegen city tap water at 23.2 ± 0.4˚C (mean ± 
STD) and a photoperiod of 16:8-h light-dark cycle with the light phase 
starting at 6:00 AM daily. Carp were fed Trouvit sinking dry food pellets 
(Trouw Nutrition International, Putten, The Netherlands) once daily at a 
ration of 1.5% of the estimated body weight. Animals were weighed weekly 
and the amount of food was adjusted accordingly. Before collection of tissue 
and blood samples, fish were irreversibly anesthetized with 0.1% (v/v) 2-
phenoxyethanol (Sigma, St. Louis, MO, USA). Animal experiments were 
performed in accordance with national legislation and approved by the ethical 
committee of the Radboud University Nijmegen. 
Experimental Design 
Experiment 1: Effects of chronic hypoxia on food intake 
To assess the effects of chronic hypoxia on food intake, a total of 27 fish 
(72.4 ± 2.5g) were used in this experiment. All fish were weighed, randomly 
assigned to one of three 65-litre tanks (n=9 per tank) and acclimated to these 
conditions for two weeks. During this time and the hypoxic exposure, all fish 
received a daily excess of pre-weighted feed at 10AM. Uneaten food was 
collected two hours later. Uneaten dry food weight was calculated as the 
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product of the number of uneaten food pellets and the average dry pellet 
weight. Food intake was determined as the difference between the initial and 
the calculated uneaten dry food weights. The water was 75% O2 saturated 
(6.7 mg/l) during the acclimation period. Once food intake was assessed on 
the last day of the acclimation period, the normoxic water source to the tanks 
was replaced with a hypoxic source that was 10% O2 saturated (0.9 mg/l). To 
achieve the desired hypoxic conditions, N2 gas was bubbled into a header tank 
that supplied the holding tanks. Levels of dissolved O2 in the holding tanks 
were monitored periodically using a portable OxyGuard dissolved O2 meter 
(Point-Four Systems, Port Moody, BC, Canada). The desired hypoxic levels 
were gradually achieved within two hours and chronically maintained at ± 
0.5% of the target level for eight days by regulating the flow of water and N2 
gas through the header tank. 
Experiment 2: Effects of chronic hypoxia on the expression of appetite- and stress-
responsive genes 
To assess potential changes in gene expression of appetite- and stress-
responsive genes associated with chronic hypoxia a total of 63 fish (65.7 ± 
1.8g) were used in this experiment. All fish were weighed, randomly assigned 
to one of seven 65-litre tanks (n=9 per tank) and acclimated for at least two 
weeks. During this time and over the course of the experiment all fish were 
fed as in Experiment 1. One group of fish was maintained in 75% O2 
saturated water and served as a normoxic Day 0 control. Three groups were 
exposed to 10% O2 saturated water as above for one, four or eight days. The 
last three groups were maintained in 75% O2 saturated water and pair-fed for 
one, four or eight days to the food intake consumed by the time-matched 
hypoxic fish the day prior.  On the day of sampling, all fish in a given tank 
were terminally anesthetized at 12:00 AM and a blood sample was collected 
by caudal puncture using Na2EDTA-treated syringes. Aliquots of blood were 
used immediately to determine hematocrit and hemoglobin concentration. 
The remaining blood was centrifuged at 14,000 ×	 g for three minutes and the 
separated plasma was aliquoted and flash frozen in liquid nitrogen prior to 
storage at -80°C for later analysis of plasma cortisol, lactate, glucose and non-
esterified fatty acids (NEFAs). The plasma aliquot for determination of lactate 
was deproteinized with ice-cold perchloric acid (0.6 N), spun down, and the 
supernatant stored as above. The brain, whole pituitary gland and liver were 
also collected to quantify the mRNA levels of several genes. The brain was 
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regionally dissected to isolate the hypothalamus and the pre-optic area (POA) 
as per (Bernier et al. 2008). All tissues were immediately frozen in liquid 
nitrogen and stored at -80°C for future analysis. 
 
Table 3.1:  Nucleotide sequences of primers used for quantitative real-time PCR 
Gene Accession # 5’-3’ Forward Primer 5’-3’ Reverse Primer 
agrp AM498378 GGTCATCACCTGCCCTGTTG GAAGGCCTTAAAGAAACGACAGTAA 
β-actin M24113 CAACAGGGAAAAGATGACACAGATC GGGACAGCACAGCCTGGAT 
cart AM498379 CGCATCTCACTTTGGGAAAAG CTCCCCAACGTCGCATGTA 
crf AJ317955 CATCCGGCTCGGTAACAGAA CCAACAGACGCTGCGTTAACT 
crf-bp AJ490881 ACAATGATCTCAAGCGGTCCAT CCACCCAGAAGCTCGACAAA 
epo AJ831394 CCCATTACGCCCCATCTG TCCCATGCCTCCTTAATGAAA 
leptin a-I AJ868357 CATATTGATTTGTCCACCCTTCTG CCATTAGCTGGCTCCTTGGAT 
leptin a-II AJ868356 AGATACGCAACGATTTGTTCACA GCGTTGTTCTCCAAGAAAGCA 
npy AF287347 CTCTAACGGAAGGGTATCCA GCCGTGTTATGAGGTTGATG 
lepr AM498377 AATGTGACGACTGAAGGTGAAG CTGAAGCAAGGAATTGGATG 
pomc-I Y14618 TTGGCTCTGGCTGTTCTGTGT TCATCTGTCAGATCAGACCTGCATA 
uI M11671 GCACCTGTGTCCAGCATGAA GGTGCTCAGCGGGATGTG 
40S AB012087 CCGTGGGTGACATCGTTACA TCAGGACATTGAACCTCACTGTCT 
 
 
Experiment 3: Effects of graded hypoxia on liver gene expression 
To assess the effects of graded hypoxia on the expression of liver appetite- 
and hypoxia-responsive genes, a total of 32 fish (25.2 ± 0.9g) were used in 
this experiment. All fish were weighed, randomly assigned to one of four 65-
litre tanks (n=8 per tank) and acclimated for at least two weeks. During this 
time and over the course of the experiment all fish were fed as in Experiment 
1. One group of fish was maintained in 75% O2 saturated water and served as 
a normoxic control and one group each was exposed to 20%, 10% and 5% 
O2 saturated water for two days. The desired hypoxic levels were achieved as 
in Experiment 1. On the day of sampling, all fish in a given tank were 
terminally anesthetized at 12:00 AM and the collected liver was immediately 
frozen in liquid nitrogen and stored at -80°C for future analysis. 
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RNA isolation and cDNA synthesis 
Total RNA from all sampled tissues was isolated using TRIzol Reagent 
(Invitrogen, Carlsbad, USA) and the concentrations quantified using 
ultraviolet spectrophotometery at 260 nm (Nanodrop, Wilmington DE 
USA). Integrity of the isolated RNA was ensured prior to cDNA synthesis by 
analyzing a random sub-set of samples on a 1.5% agarose gel. One microgram 
of total RNA was treated with DNase I according to manufacturer’s protocol 
(DNase I amplification grade, Invitrogen) and reverse transcribed to cDNA 
in a 20 µμl reaction mixture containing 300 ng random primers, 0.5 mM 
dNTPs, 10 mM dithiothreitol, 10 U RNase inhibitor and 200 U SuperScript 
II RNase H- reverse transcriptase (Invitrogen).   
Real-time quantitative PCR 
The cDNA products were amplified using a GeneAmp 7500 Sequence 
Detection System (Applied Biosystems, Foster City, CA). Each 25 µμl reaction 
mixture contained 12.5 µμl Sybr Green Master Mix (Applied Biosystems), 5 µμl 
cDNA template diluted 1:5, 3 µμl of both the forward and reverse primers 
(600 nM final concentration) and 1.5 µμl of DNase-free water. Default cycling 
conditions were used: 10 min at 95°C followed by 40 cycles of 15 sec at 95°C 
and 1 min at 60°C. To account for differences in amplification efficiency 
between the different cDNAs, standard curves were constructed for each 
target using serial dilutions of cDNA samples. Using the threshold cycle of 
each unknown, the relative dilution of a given sample was extrapolated using 
the linear regression of the target-specific standard curve. To correct for 
differences in template input and reverse transcriptase efficiencies, each 
sample was normalized to the expression level of the housekeeping genes 40S 
ribosomal protein S11 (40S) and β-actin. Results were confirmed to be very 
similar following standardization to either housekeeping gene. Therefore, 
only results standardized to 40S are shown. All samples were assayed in 
triplicate, and only one target was assayed per well. Finally, non-reversed 
transcribed RNA and water controls were run to ensure that no genomic 
DNA was being amplified and the reagents were not contaminated. The 
primer sets used for real-time quantitative PCR were designed using Primer 
Express software (Applied Biosystems) and are shown in Table 3.1. Note that 
the names used to described carp leptins in this study, leptin-a-I and leptin-a-
II, are based on our previous phylogenetic analysis of vertebrate letpins 
(Gorissen et al. 2009). Also, while leptin receptor isoforms have yet to be 
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identified in common carp, since the primers used to quantify lepr amplify a 
region of lepr exon 1 that is conserved among known fish leptin receptor 
isoforms (Rønnestad et al. 2010; Cao et al. 2011), the lepr expression data 
reported in this paper likely reflects the cumulative expression of different lepr 
isoforms. 
Plasma parameters 
Plasma cortisol concentrations were measured by radioimmunoassay as 
described by (Metz et al. 2005) using a commercially available antiserum 
(Campro Scientific, Veenendaal, The Netherlands) and 125I-cortisol 
(Amersham, Buckinghamshire, UK). Setting the reactivity to cortisol at 
100%, the cross-reactivity of the cortisol antibody was 5.9% with 11-
deoxycortisol, 2.6% with cortisone, 1.7% with corticosterone, 0.16% with 
cortisone acetate, 0.4% with 17a-OH-progesterone and 0.02% with 
progesterone. The detection limit of the assay was 4 pg per tube, and the 
intra- and inter-assay coefficients of variation were 3 and 5%, respectively. 
Heparinized capillary tubes containing whole blood were sealed and 
centrifuged at 12,000 × g for 3 min and used to determine hematocrit (Hct). 
Whole blood samples were also assayed immediately for hemoglobin (Hb) 
concentration. Briefly, an Hb standard (15.0 g/dL; Pointe Scientific Inc., 
Detroit MI, USA) was sequentially diluted using Drabkin’s solution (Sigma) 
to construct a standard curve. Blood samples were diluted 1:250 using 
Drabkin’s, allowed to incubate for 20 minutes at room temperature and the 
optical density of samples and standards read at 540 nm on a microplate 
spectrophotometer. Plasma lactate concentrations were determined 
enzymatically as outlined by (Bergmeyer 1985). Plasma glucose was 
determined using an enzymatic colorimetric test (glucose liquicolor; Human, 
Wiesbaden, Germany) as per the manufacturer’s instructions.  Plasma NEFAs 
levels were measured using the NEFA-C kit (Wako Chemicals, Neuss, 
Germany) according to the manufacturer’s instructions.   
Statistical Analyses 
In Experiment 1, a one-way repeated measures analysis of variance 
followed by a Holm-Sidak test for multiple comparisons was used to 
determine differences in food intake between fish kept in normoxic and 
hypoxic conditions. In Experiment 2, differences between the normoxic and 
hypoxic treatments or between the normoxic and pair-fed treatments were 
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determined by a one-way analysis of variance and pairwise Tukey’s test. 
Differences between the hypoxic and pair-fed treatments at a given time were 
evaluated with a Student’s t test. Differences between treatments in 
Experiment 3 were assessed by a one-way ANOVA followed by a Tukey test 
for all pair-wise comparisons. Data that did not meet the assumption of 
normality were log-transformed prior to analysis. All statistical analyses were 
performed using SigmaStat 3.0 (SPSS Inc., Chicago, IL, USA).  P < 0.05 was 
considered statistically significant for all tests. 
 
Figure 3.1: Food intake in common carp exposed to normoxic (75% O2 saturation; white 
circles) or hypoxic (10% O2 saturation; black circles) water. The normoxic water source was 
replaced with a hypoxic source immediately after the assessment of food intake on day 0. 
Values that do not share a common letter are significantly different from each other as 
determine by repeated measures one-way ANOVA and by Holm-Sidak multiple comparison 
test (P < 0:05). Values are means ± SEM (n = 3 tanks with 9 fish per tank). BW, body 
weight. 
 
Results 
Experiment 1: Effects of chronic hypoxia on food intake 
Whereas the mean food intake of common carp maintained in normoxic 
water was 15.5 mg/g body weight (BW), fish chronically exposed to 10% O2 
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saturation consumed on average 79% less food, i.e. 3.3 mg/g BW per day 
(Figure 3.1). Peak anorexia was already attained after 24 h of hypoxia 
exposure and there was no significant recovery over the eight day treatment.  
 
 
Figure 3.2: Effects of normoxic water (75% O2 saturation; white bar), chronic hypoxia 
(10% O2 saturation; black bar) and restricted feeding (pair-fed treatment; gray bar) on the 
gene expression of liver leptin-a-I, leptin-a-II, leptin receptor and erythropoietin. Whereas the 
normoxic and hypoxic treatments were fed to satiation, the pair-fed treatment was fed the 
food intake consumed by the hypoxic treatment the day prior. Gene expression is normalized 
to the expression of 40S ribosomal protein S11 and is expressed relative to day 0 values. 
Normoxic and hypoxic treatments that do not share a common lower case letter, or normoxic 
and pair-fed treatments that do not share a common upper case letter, are significantly 
different from each other as determined by a one-way analysis of variance and pairwise 
Tukey’s test. An asterisk indicates a significant difference between the hypoxic and pair-fed 
treatments at a given time as determine by a Student’s t test. The significance level for all 
statistical tests was P < 0.05. Values are means ± SE (n=9). 
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Figure 3.3: Effects of normoxic water (75% O2 saturation; white bar), chronic hypoxia 
(10% O2 saturation; black bar) and restricted feeding (pair-fed treatment; gray bar) on the 
hypothalamic gene expression of neuropeptide Y, agouti-related protein, cocaine- and 
amphetamine-regulated transcript, pro-opiomelanocortin-I and leptin receptor. Whereas the 
normoxic and hypoxic treatments were fed to satiation, the pair-fed treatment was fed the 
food intake consumed by the hypoxic treatment the day prior. Gene expression is normalized 
to the expression of 40S ribosomal protein S11 and is expressed relative to day 0 values. 
Normoxic and hypoxic treatments that do not share a common lower case letter, or normoxic 
and pair-fed treatments that do not share a common upper case letter, are significantly 
different from each other as determined by a one-way analysis of variance and pairwise 
Tukey’s test. An asterisk indicates a significant difference between the hypoxic and pair-fed 
treatments at a given time as determine by a Student’s t test. The significance level for all 
statistical tests was P < 0.05. Values are means ± SE (n=9). 
Experiment 2: Effects of chronic hypoxia on the expression of appetite-, stress- and 
hypoxia-responsive genes.  
Relative to the normoxic treatment, chronic exposure to 10% O2 
saturation resulted in gradual increases in liver leptin a-I, leptin a-II and lepr 
expression (Figure 3.2). By Day 8, the mRNA levels of these transcripts in the 
hypoxic fish were respectively 2.6, 3.8 and 3.4 fold higher than in the 
normoxic animals. In contrast, the mRNA levels of all three genes remained 
unchanged in the normoxic fish pair-fed to the hypoxia treatments. Similarly, 
while hypoxia exposure elicited a time-dependent 2.6 fold increase in the 
expression of liver epo, no change was observed in the normoxic pair-fed fish.  
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Figure 3.4: Effects of normoxic water (75% O2 saturation; white bar), chronic hypoxia 
(10% O2 saturation; black bar) and restricted feeding (pair-fed treatment; gray bar) on the 
brain pre-optic area gene expression of corticotropin-releasing factor, urotensin I, CRF-binding 
protein and leptin receptor. Whereas the normoxic and hypoxic treatments were fed to 
satiation, the pair-fed treatment was fed the food intake consumed by the hypoxic treatment 
the day prior. Gene expression is normalized to the expression of 40S ribosomal protein S11 
and is expressed relative to day 0 values. Normoxic and hypoxic treatments that do not share 
a common lower case letter, or normoxic and pair-fed treatments that do not share a 
common upper case letter, are significantly different from each other as determined by a one-
way analysis of variance and pairwise Tukey’s test. An asterisk indicates a significant 
difference between the hypoxic and pair-fed treatments at a given time as determine by a 
Student’s t test. The significance level for all statistical tests was P < 0.05. Values are means ± 
SE (n=9). 
  
In the hypothalamus, chronic hypoxia had no effect on the mRNA levels 
of npy and agrp (Figure 3.3). The pair-fed treatment also had no effect on the 
expression of npy but was associated with a gradual 2.1 fold increase in agrp 
mRNA levels by Day 8. In contrast, whereas chronic hypoxia elicited a 
gradual 1.6 fold increase in the expression of cart by Day 8, the pair-fed 
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treatment did not have a significant effect (Figure 3.3). In general, the 
expression of hypothalamic pomc-I and lepr decreased in response to the 
chronic hypoxia and normoxic pair-fed treatments (Figure 3.3). However, the 
reductions in pomc-I and lepr mRNA levels were both earlier and more 
pronounced in the pair-fed treatment than in the chronic hypoxia treatment.   
Neither chronic hypoxia nor the normoxic pair-fed treatment had an effect 
on the expression of pre-optic area crf and uI relative to the normoxic control 
fish (Figure 3.4). crf and uI mRNA levels were however significantly higher in 
the normoxic pair-fed fish than in the hypoxic fish on Days 4 and 8, 
respectively. Both treatments elicited a transient reduction in the expression 
of pre-optic area crf-bp but the reduction was more pronounced in the 
hypoxic fish than in the pair-fed fish (Figure 3.4). The expression of pre-optic 
area lepr was not affected by chronic hypoxia or by pair-feeding (Figure 3.4). 
 
 
Figure 3.5: Effects of normoxic water (75% O2 saturation; white bar), chronic hypoxia 
(10% O2 saturation; black bar) and restricted feeding (pair-fed treatment; gray bar) on the 
pituitary gene expression of pro-opiomelanocortin-I and leptin receptor. Whereas the normoxic 
and hypoxic treatments were fed to satiation, the pair-fed treatment was fed the food intake 
consumed by the hypoxic treatment the day prior. Gene expression is normalized to the 
expression of 40S ribosomal protein S11 and is expressed relative to day 0 values. Normoxic 
and hypoxic treatments that do not share a common lower case letter, or normoxic and pair-
fed treatments that do not share a common upper case letter, are significantly different from 
each other as determined by a one-way analysis of variance and pairwise Tukey’s test. An 
asterisk indicates a significant difference between the hypoxic and pair-fed treatments at a 
given time as determine by a Student’s t test. The significance level for all statistical tests was 
P < 0.05. Values are means ± SE (n=9). 
0 1 4 8
0
1
2
3
4
5 pro-opiomelanocortin-I
ab/A
bc
c
a
A
B
A
*
Time (days)
Ex
pr
es
sio
n 
re
lat
ive
 to
 d
ay
 0
0 1 4 8
0
50
100
150
a/A b B
c
C
c
D
**
leptin receptor
Time (days)
Ex
pr
es
sio
n 
re
lat
ive
 to
 d
ay
 0
LEPTIN EXPRESSION IN HYPOXIC COMMON CARP 
	   59 
In contrast to the results observed in the hypothalamus, both chronic 
hypoxia and the pair-fed treatment elicited gradual 3.1 fold increases in 
pituitary gland pomc-I mRNA levels by Day 4 (Figure 3.5). Although 
pituitary pomc-I expression had returned to basal levels by Day 8 in both 
treatments, the hypoxic fish had significantly lower transcript levels than the 
pair-fed fish. Both treatments also elicited marked increases in the expression 
of pituitary gland lepr but in this instance the increase in transcript levels were 
greater in the hypoxic fish than in the pair-fed fish (Figure 3.5). By Day 8, 
lepr mRNA levels in the chronic hypoxia and pair-fed treatments were 
respectively 74 and 21 fold higher than in the controls.  
The chronic hypoxia and the pair-fed treatments elicited significant 
increases in plasma cortisol of similar magnitude by Day 8 (Figure 3.6). 
Although Hct values increased significantly in the hypoxic fish, they remained 
unchanged in the normoxic pair-fed treatment (Figure 3.6). Similarly, the 
hypoxic treatment was associated with a transient increase in Hb 
concentration and there was no change in the pair-fed fish (Figure 3.6). 
While neither treatment had an effect on plasma lactate levels (Figure 3.6) 
and chronic hypoxia did not affect the circulating levels of plasma glucose 
(Figure 3.6) or NEFA concentrations (Figure 3.6), the pair fed fish were 
characterized by a sustained decrease in plasma glucose levels and increases in 
plasma NEFA values. The changes in plasma glucose and NEFA values 
associated with the pair-fed treatment were most pronounced on Day 1 and 
partially recovered on Days 4 and 8. 
Experiment 3: Effects of graded hypoxia on liver gene expression 
To further characterize the relationship between hypoxic conditions and 
the expression of liver leptin, lepr and epo, we investigated the impact of 48 h 
exposures to decreasing levels of O2 saturation. The leptin-a-I mRNA levels 
increased 1.6 fold between the control and the 10% O2 saturation treatments, 
but the 5% O2 saturation treatment had no significant effect (Figure 3.7). By 
contrast, the expression of leptin-a-II was proportional to the severity of the 
hypoxic exposure with an overall 3.0 fold increase in expression between the 
normoxic and the 5% O2 saturation treatment (Figure 3.7). The expression of 
lepr followed a similar pattern to leptin-a-I, with the highest mRNA levels 
observed in the 10% O2 saturation treatment and the 5% O2 treatment 
having no effect (Figure 3.7). Finally, all three hypoxic treatments elicited 
similar increases in liver epo expression (Figure 3.7). 
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Figure 3.6: Effects of normoxic water (75% O2 saturation; white bar), chronic hypoxia 
(10% O2 saturation; black bar) and restricted feeding (pair-fed treatment; gray bar) on 
plasma cortisol, haematocrit, haemoglobin concentration, plasma lactate, plasma glucose and 
plasma nonesterified fatty acids (NEFA). Whereas the normoxic and hypoxic treatments were 
fed to satiation, the pair-fed treatment was fed the food intake consumed by the hypoxic 
treatment the day prior. Normoxic and hypoxic treatments that do not share a common 
lower case letter, or normoxic and pair-fed treatments that do not share a common upper case 
letter, are significantly different from each other as determined by a one-way analysis of 
variance and pairwise Tukey’s test. An asterisk indicates a significant difference between the 
hypoxic and pair-fed treatments at a given time as determine by a Student’s t test. The 
significance level for all statistical tests was P < 0.05. Values are means ± SE (n=9). 
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Discussion 
This study provides original evidence that the appetite-suppressing effects 
of hypoxia in fish are associated with a marked and sustained increase in 
hepatic leptin-a expression, a gene that codes for a potent anorexigenic signal. 
Our results also indicate that the proximal cue for the stimulation of hepatic 
leptin-a and lepr expression during hypoxia, like epo, is a reduction in O2 
availability, not feed intake. In contrast, comparison of the hypothalamic 
expression profiles of key appetite-regulating genes in the hypoxic and pair-
fed treatments suggest that both feed restriction and leptin influence the 
regulation of food intake during hypoxia. Beyond its role as an anorexigenic 
signal, we discuss below how leptin signalling may contribute to the 
regulation of the HPI axis, O2 uptake and delivery, and metabolism during 
chronic hypoxic conditions. 
Chronic exposure of common carp to 10% O2 saturation for 8 days in this 
study resulted in a marked and sustained reduction in food intake. These 
results are consistent with previous observations in common carp (Zhou et al. 
2001) and in several other fish species (Chabot & Dutil 1999; Buentello et al. 
2000; Pichavant et al. 2001; Bernier & Craig 2005). In general, the 
magnitude, persistence and cross-species prevalence of the appetite-
suppressing effects of hypoxia in fish highlight the importance of this 
behavioral strategy for coping with reduced O2 availability. Appetite 
suppression confers significant energy savings by reducing the cost of 
metabolism associated with digestion, i.e. the costs of specific dynamic action 
(Wang et al. 2009). Combined with a marked reduction in physical activity, 
the reduction in food intake during hypoxia allows common carp to 
significantly reduce routine metabolic rate (Zhou et al. 2001).   
In addition to appetite suppression, chronic hypoxia in common carp was 
characterized by increases in hepatic leptin-a-I and leptin-a-II expression. In 
general, the relative increases in leptin transcript levels were proportional to 
the duration of the hypoxic exposure and paralleled the changes in epo 
expression, a well-known hypoxia-inducible gene (Stockmann & Fandrey 
2006). These results concur with mammalian studies where hypoxia is known 
to increase leptin expression and circulating leptin levels (Ambrosini et al. 
2002; Quintero et al. 2010), and with recent observations in adult zebrafish 
where chronic hypoxia increased hepatic leptin-a mRNA levels and hypoxia-
inducible factor 1 stimulated the transcription of leptin-a (Chu et al. 2010). 
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As previously observed in the liver of marine medaka [Oryzias melastigma; 
(Wong et al. 2007)] and mice (Baze et al. 2010), hypoxia exposure in 
common carp also elicited significant increases in hepatic lepr expression. 
Although the physiological significance of this response is not known, an 
increase in liver leptin receptor abundance could enhance the potential 
contribution of leptin to the regulation of metabolism during hypoxic 
conditions. In mammals, however, central leptin signalling plays a dominant 
role in leptin-mediated regulation of metabolism and the contribution of 
peripheral leptin signalling appears to be insignificant (Guo et al. 2007).  
 
Figure 3.7: Effects of a 48 h exposure period to 75% (normoxic control), 20%, 10% and 
5% O2 saturation on the gene expression of liver (A) leptin-a-I, (B) leptin-a-II, (C) leptin 
receptor (lepr) and (D) erythropoietin (epo). Gene expression is normalized to the expression of 
40S ribosomal protein S11 and is expressed relative to the normoxic control treatment. Values 
that do not share a common letter are significantly different from each other as determined 
by a one-way analysis of variance and pairwise Tukey’s test. The significance level for all 
statistical tests was P < 0.05. Values are means ± SE (n=8). 
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In the graded hypoxia experiment, the marked stimulation of hepatic 
leptin-a-II expression in the 5% O2 saturation treatment contrasted sharply 
with the lack of effect of the same treatment on the expression of leptin-a-I 
and lepr. Besides highlighting potential differences in the responsiveness of 
leptin-a-I, leptin-a-II and lepr to hypoxia, these results also raise the possibility 
that the widespread repression of total mRNA synthesis seen during severe 
hypoxic conditions (Johnson et al. 2008) may counter the stimulatory effects 
of more moderate hypoxic treatments on leptin and lepr expression. 
Moreover, since common carp at northern latitudes may be exposed to 
months of hypoxia under the ice (Ultsch 1989), it remains to be determined 
whether the changes observed over a period of 8 days in this study are 
sustained during long-term hypoxia.  
As opposed to the stimulatory effects of hypoxia, restricted feeding in this 
study had no effect on the expression of liver leptin-a-I, leptin-a-II, lepr and 
epo. While the effects of restricted feeding on the expression of hepatic lepr 
and epo have not been previously documented in fish, our results do concur 
with those of Huising and colleagues (2006) who observed that neither 6 days 
nor 6 week of fasting affected hepatic leptin-a-I and -a-II expression in 
common carp. In contrast, fasting consistently reduces the expression and 
plasma levels of leptin in mammals (Ahima & Flier 2000) and appears to 
have varying effects on the expression of leptin in other fish species. For 
example, prolonged rationed feeding of Atlantic salmon (Salmo salar) 
significantly increased the expression of liver leptin-a-II and decreased visceral 
adipose tissue leptin-a-I, but had no effect on liver leptin-a-I, adipose tissue 
leptin-a-II and circulating plasma leptin levels (Rønnestad et al. 2010). 
Moreover, while fasting is associated with increased plasma leptin levels in 
rainbow trout [Oncorhynchus mykiss; (Kling et al. 2009)] it has no effect on 
liver leptin-a expression in zebrafish (Danio rerio) but decreases liver leptin-b 
expression in the same species (Gorissen et al. 2009). In common carp, the 
expression levels of liver leptin-b-I and -b-II are too low to measure reliably 
(Gorissen et al. 2012). Therefore, although our results show that the 
stimulation of hepatic leptin-a genes and lepr during chronic hypoxia in 
common carp is independent of a reduction in nutrient intake, future studies 
will need to determine whether this observation holds in other fish species.  
In general, both the anorexigenic effects attributed to leptin in fish and the 
changes in the expression pattern of the hypothalamic appetite-regulating 
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genes within the hypoxic treatment support a role for leptin in the regulation 
of food intake during chronic hypoxia. To date, studies in fish investigating 
the effects of recombinant native peptides suggest that leptin may suppress 
food intake by stimulating pomc (Murashita et al. 2008; 2011) and inhibiting 
npy (Murashita et al. 2008; Li et al. 2010). In contrast, the response to 
prolonged fasting in both mammals and fish is generally associated with 
increases in the expression of npy and agrp, and decreases in cart and pomc 
mRNA levels (Ahima & Antwi 2008; Volkoff et al. 2009). In common carp, 
however, while prolonged fasting is associated with a reduction in the 
hypothalamic expression of pomc it has no effect on npy mRNA levels 
(Huising et al. 2006). Therefore, in this study, the lack of change in npy 
expression in the hypoxic and pair-fed treatments is consistent with the 
known effects of fasting in common carp, but not with those attributed to 
leptin in fish. In contrast, while the predicted increase in agrp expression was 
observed in the pair-fed treatment, the lack of change in agrp transcripts in 
the hypoxia treatment implies that leptin may have an inhibitory effect on the 
expression of this gene in common carp. Similarly, the overall changes in cart 
and pomc-I mRNA levels in the hypoxia and pair-fed treatments suggest that 
leptin may stimulate cart gene expression during hypoxia and counteract the 
suppression of pomc-I that characterizes feed restriction in this species. 
Finally, the gradual reduction in hypothalamic lepr in the chronic hypoxia 
and pair-fed treatments suggest that sustained feed restriction, not O2 
availability, may lead to a reduction in leptin signalling within the 
hypothalamic feeding circuitry. Since leptin is unlikely to be the only 
anorexigenic signal that contributes to the regulation of the hypothalamic 
feeding circuits during hypoxia, future studies using native leptins are needed 
to investigate the isolated effects and mechanisms of leptin actions on the 
appetite-regulating genes of the hypothalamus in common carp. 
Although our previous work implicated CRF-related peptides as potential 
mediators of the acute appetite-suppressing effects of hypoxia in rainbow 
trout (Bernier & Craig 2005), the present results provide only limited 
evidence for such a mechanism in common carp. In support of a role for 
CRF-related peptide as appetite-regulators in common carp, the first 24 hours 
of exposure to 10% O2 saturation was associated with a ~50% drop in POA 
crf-bp expression, a response that should lead to an increase in the levels of 
‘free’ or bioactive CRF-related peptides (Seasholtz et al. 2002). Moreover, 
both CRF and UI are potent anorexigenic signals in goldfish, a related 
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cyprinid species (Bernier & Peter 2001). On the other hand, and in contrast 
to our earlier results with hypoxia-sensitive rainbow trout (Bernier & Craig 
2005), chronic hypoxia had no effect on the expression of crf and uI in the 
POA of common carp. In fact, the mRNA levels of POA crf and uI were 
generally lower in the hypoxic than in the pair-fed fish. 
A comparison of the pituitary pomc-I mRNA levels and the plasma cortisol 
data between the hypoxia and pair-fed treatments indicates that a reduction 
in nutrient availability, not O2 availability, was responsible for the gradual 
stimulation of the HPI axis in the hypoxic fish of this study. Similarly, 
channel catfish [Ictalurus punctatus; (Peterson & Small 2004)], gobies 
[Gillichthys mirabilis; (Kelley et al. 2001)] and largemouth bass [Micropterus 
salmoides; (Gingerich et al. 2010)] fasted for several days all have elevated 
resting plasma cortisol levels. Although common carp exposed to deep 
hypoxia (~1.5% O2 saturation) are characterized by rapid and marked 
increases in plasma cortisol levels (van Raaij et al. 1996), carp have a high 
tolerance for O2-deficient waters and our data indicates that the reduction in 
blood O2 tension associated with chronic exposure to 10% O2 saturation does 
not in itself stimulate the HPI axis. The delayed increase in plasma cortisol 
levels was also associated on Day 8 with a reduction in pituitary gland pomc-I 
expression and a marked stimulation of pituitary gland lepr transcripts. The 
negative feedback effects of cortisol on pomc are likely responsible for the drop 
in pituitary pomc-I expression between Day 4 and Day 8 and may serve to 
limit the magnitude of the stress response (Bernier et al. 2009). Similarly, 
given our recent observation that leptin suppresses basal and CRF-induced 
ACTH secretion from perifused pituitary glands of common carp (Gorissen et 
al. 2012), the functional implications of the marked upregulation of pituitary 
gland lepr expression during chronic hypoxia may include a suppression of the 
HPI axis.   
The increased Hct, Hb and liver epo expression of the hypoxic fish are 
consistent with a coordinated response to increase O2 uptake and delivery. 
The parallel increases in Hct and Hb after 24h of hypoxia exposure indicate 
an increase in erythrocyte number. While the most likely source of this short 
term increase in Hb is a release of erythrocytes from the spleen, EPO may 
have also stimulated the formation of new red blood cells (Gallaugher & 
Farrell 1998; Nikinmaa & Rees 2005). Indeed, injection of EPO into 
goldfish stimulates red blood cell production (Taglialatela & Corte 1997) 
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and, as observed in this study, hypoxia has now been shown to induce EPO 
production in several fish species (Lai et al. 2006; Yaqoob et al. 2009; Dangre 
et al. 2010). Interestingly, mammalian studies have shown that leptin can also 
enhance the proliferation of hematopoietic stem cells and stimulate the 
production of erythrocytes (Bennett et al. 1996). Moreover, the angiogenic 
effects of leptin in humans are equivalent to those of vascular endothelial 
growth factor (Anagnostoulis et al. 2008). Therefore, an interesting avenue of 
future research in fish may be to explore the hematopoietic and angiogenic 
effects of leptin and its overall contribution to O2 uptake and delivery during 
chronic hypoxia.  
Beyond providing insight into fuel usage during chronic hypoxia and feed 
restriction, the plasma glucose and NEFA values observed in this study 
challenge our understanding of the actions of leptin on lipid metabolism and 
metabolic rate. As previously observed in common carp (Huising et al. 2006) 
and in other species (Wang et al. 2006), the marked increase in plasma NEFA 
levels following feed restriction suggest a shift away from carbohydrate-
dominated catabolism towards lipid-dominated catabolism. During chronic 
hypoxia, in contrast, the appetite suppression and the sustained increase in 
liver leptin-a and lepr expression were not associated with any change in either 
plasma glucose or NEFA values. In mammals, leptin increases energy 
expenditure by stimulating lipolysis, fatty acid oxidation and the catabolism 
of carbohydrates (Reidy & Weber 2000; Anubhuti & Arora 2008). Injection 
of heterologous leptin in goldfish (de Pedro et al. 2006) or green sunfish 
[Lepomis cyanellus; (Londraville & Duvall 2002)] and native leptin in grass 
carp (Li et al. 2010) suggest that leptin stimulates lipid metabolism in fish. 
Clearly, the catabolic and lipolytic actions of leptin are at odds with the 
reduction in lipid oxidation and depression of aerobic metabolism that allow 
common carp to survive long-term hypoxia (Zhou et al. 2000) and studies are 
needed to determine the specific contributions of leptin to lipid and 
carbohydrate metabolism during chronic hypoxia. 
 
Conclusions 
Since multiple inhibitory feedback mechanisms promote leptin resistance 
in obesity, it appears that the primary role of leptin in mammals is to signal 
energy deficits (Myers et al. 2008). Unlike the situation in mammals, 
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however, leptin in common carp does not appear to be produced in 
proportion to the nutrient status of the body. As discussed by Huising and 
colleagues (2006), without a need to thermoregulate, fish will readily drop 
their metabolic rate during prolonged periods of fasting and consequently 
may have a reduced need to signal a deficit in nutrient intake. In contrast, 
chronic hypoxia survival in fish does require a precise match between energy 
utilization and production. In this study, we show that oxygen availability is 
an important physiological parameter for the regulation of leptin gene 
expression in common carp. Although not indicative of the synthesis or 
release of leptin from the liver, the hypoxia-induced increases in hepatic leptin 
expression do suggest a functional role for leptin during chronic hypoxia. In 
addition to a potential role in mediating hypoxia-induced anorexia, our 
results suggest that leptin may be involved in the regulation of the endocrine 
stress response during periods of reduced oxygen availability. Therefore, 
although the overall significance of leptin to hypoxia tolerance remains to be 
determined, the functions of this pleiotropic cytokine in fish that signal 
energy deficits linked to oxygen availability may supersede those that 
communicate deficits in nutrient availability.  
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Abstract 
Most teleostean fishes are ectotherms, and this means that ambient 
temperature governs their biochemistry and physiology. When we lowered 
the water temperature, common carp (a eurytherm species that copes in 
nature with temperatures ranging from ~2 to over 36°C) decreased their food 
intake, as one would predict from an energy point of view. Indeed, expression 
of hepatic leptin-a increased at lowered water temperature, in line with an 
anorexigenic function for leptin and reduced food intake. Were hepatic leptin 
to reduce food intake via a similar hypothalamic system as in mammals, one 
would predict an inhibition of orexigenic and a stimulation of anorexigenic 
signals. Counter intuitively, hypothalamic mRNA levels of the first-order 
orexigenic agouti-related peptide (agrp) increased, whereas those of the 
anorexigenic cocaine and amphetamine regulated transcript (cart) decreased 
when ambient temperature was lowered. The expression levels of these first-
order (an-)orexigenic signals reflect the feeding status of the carp: fish at lower 
temperatures eat significantly less than controls acclimated to warmer water, 
in particular orexigenic genes become activated. Expression of hypothalamic 
pptrh and crf was not affected by acclimation temperature, but the expression 
of crf-bp had increased in fasted fish, which would negate CRF actions. Our 
results confirm earlier reports of TRH as an orexigenic peptide in a cyprinid 
fish. The altered leptin-a expression caused by temperature reveals a role in 
adaptation to lowered ambient water temperatures, independently of effects 
on ‘classical’ hypothalamic targets involved in regulation of food intake. 
These findings further our understanding of evolutionarily older, original 
functions of leptin.   
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Introduction 
Fishes encounter daily and seasonal fluctuations in ambient water 
temperature and most do not regulate their core body temperature, certainly 
not as strictly as mammals do. Their first response to a change in 
environmental temperature will be to migrate to warmer or colder sections of 
the water column as required (Claireaux et al. 1995; Tanaka et al. 2000). 
When such migration is not possible, or not adequate to avoid changes in 
body temperature, the fish has to reset internal feedback loops within its 
allostatic scope, to acclimatize to the new temperature.  
Fish species differ in their ability to adapt to changing environmental 
temperatures. A stenotherm fish, like cod (Gadus morhua L.), survives only 
within a narrow temperature range, whereas a eurytherm fish will cope with 
broad(er) ranges in temperature. Common carp (Cyprinus carpio L.) is 
eurytherm, and is found in water bodies ranging in temperature from ~2°C to 
over 36°C (EFSA 2008); clearly, common carp must have allostatic regulatory 
mechanisms to deal with fluctuations in water (and thus core body) 
temperature. This makes carp a good model to study temperature 
acclimation.  
Arguably, temperature is the most pervasive external factor as it affects all 
physiological processes. Temperature affects diffusion rates, molecular 
interactions and membrane properties (Guderley 2004), which means that 
temperature directly affects enzymatic processes and receptor-ligand 
interactions (Hazel 1993; Guderley 2004). Physiology of teleostean fish is 
therefore directly correlated to the ambient temperature. Indeed, previous 
studies on carp have shown that physiological acclimation to increased water 
temperatures includes enhanced growth (Fine et al. 1996), an elevated basal 
plasma cortisol level (Arends et al. 1998), increased plasma α-MSH levels, 
(van den Burg et al. 2003), and an altered ionic balance, Na+/K+-ATPase 
activity and prolactin (prl) expression (Metz et al. 2003). Characteristic for 
fish acclimatized to low(ered) water temperature is a reduction or even full 
stop of food intake.  
In mammals, leptin is one of the principle peripheral indicators to signal 
energy status of the body to the CNS. The arcuate nucleus is a primary target 
of leptin and contains two sets of reciprocal neurons that regulate food intake 
and satiety. One set of orexigenic neurons is inhibited by leptin and co-
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expresses neuropeptide y (npy) and agouti-related peptide (agrp) (Broberger et al. 
1998). A set of anorexigenic neurons is stimulated by leptin and co-expresses 
cocaine and amphetamine regulated transcript (cart) and pro-opiomelanocortin 
(pomc; in these neurons processed into α-melanocyte stimulating hormone; α-
MSH) (Elias et al. 1998).  
The brain anatomy of the food intake regulation network in fish is similar 
to that in mammals (Volkoff et al. 2005; Gorissen et al. 2006). However, a 
quite different leptin physiology is emerging in fish (Volkoff et al. 2005; 
Gorissen et al. 2006; Huising et al. 2006; Volkoff et al. 2009). It took more 
than a decade to clone the first teleostean leptin orthologues (Kurokawa et al. 
2005; Huising et al. 2006); the reason for this delay lies in very low primary 
sequence conservation, only 25% when human and carp leptins are 
compared. Many teleostean fishes possess duplicate leptin genes (Gorissen et 
al. 2009; Kurokawa & Murashita 2009), designated leptin-a and leptin-b. The 
liver is the main site of expression of leptin-a, whereas a high leptin-b 
expression is found in ovaries (Gorissen et al. 2009); expression of leptin-b is 
in carp virtually undetectable in the liver (unpublished observation). 
Experiments in carp revealed that leptin-a [both paralogues, the leptin-a-I and 
leptin-a-II that resulted from a recent genome duplication in carp ~16 million 
years ago (Larhammar & Risinger 1994; Gorissen et al. 2009)] expression 
does not change after fasting or feeding to satiation for up to six weeks 
(Huising et al. 2006). Studies on Arctic char (Frøiland et al. 2010), Atlantic 
salmon (Rønnestad et al. 2010), rainbow trout (Murashita et al. 2008) and 
common carp (Bernier et al. 2012; Gorissen et al. 2012) confirmed such a 
different leptin physiology compared to mammals (Volkoff et al. 2005; 
2009).  
In this study, common carp was acclimatized to 27°C or 14°C. We found 
that hepatic expression of both leptin-a-I and leptin-a-II was higher in carp 
acclimatized to 14°C. To our surprise, the genes coding for hypothalamic 
neuropeptides key in the regulation of food intake responded opposite to our 
predictions: the orexigenic agrp mRNA levels increased, the anorexigenic cart 
decreased at lower temperature.  
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We draw the following main conclusions from these observations: 
1) A lower ambient temperature does not necessarily inhibit gene 
expression in the ectotherm metabolically suppressed carp (leptin-
a, crf-bp and agrp expression go up); 
2) The ‘classical (mammalian)’ correlation between increased leptin 
expression and reduced food intake at lowered temperature suggest 
a direct temperature effect on leptin expression [feeding to satiation 
or fasting for 6 weeks at constant room temperature does not 
influence leptin gene expression (Huising et al. 2006)]; 
3) The increased leptin expression at lowered temperature overrules / 
bypasses changes in hypothalamic (an-)orexigenic gene expression. 
 
Materials and Methods 
Animals 
Common carp (Cyprinus carpio L.) obtained from a commercial farm 
(Viskweekcentrum Valkenswaard; The Netherlands) were kept in stock (up to 
20 fish per group) in glass tanks with 150 litre recirculating (80%; 20% fresh 
input of tap water), bio-filtered, UV-treated Nijmegen tap water at 23°C. 
Fish daily received 2% of the estimated body weight commercial fish food 
(Trouvit). All experiments were performed in accord with Dutch legislation 
and were approved by the ethical committee of Lifestock Research (part of 
Wageningen University and Research Center; Lelystad, The Netherlands).  
Temperature acclimation 
Groups of ten fish each were acclimatized to 14°C (one group) and 27°C 
(two groups). A water temperature between 23°C and 27°C is considered 
optimal (EFSA 2008) for common carp and the temperature of 27°C was 
chosen to compare with 14°C to have a high resolution in the acclimation 
response. Four weeks before sampling water temperatures were adjusted from 
23°C to 14°C and 27°C at a rate of 1°C / day maximally [3°C / day is 
considered to be the maximal temperature change per day without impairing 
carp welfare (EFSA 2008)].  
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Feeding regime 
When the required temperature had been reached, voluntary food intake 
in each tank was determined. Every day at approximately 10 AM, the fish 
received an excess of pre-weighted food. Uneaten food pellets were collected 
after one and a half hour, and the uneaten amount of feed was calculated as 
the product of the number of uneaten food pellets and the average weight of a 
dry pellet of food. Two weeks before sampling, one group at 27°C was pair-
fed to the 14°C group, effectively submitting this 27°C group to mild food 
restriction. 
Sampling 
Fish were anaesthetized in 0.1% (v/v) 2-phenoxyethanol (Sigma, St Louis, 
USA) and blood was collected by puncture of the caudal vessels with a 
heparinized tuberculin syringe fitted with a 25-G needle. After blood 
collection, fish were swiftly euthanized in accordance with established and 
approved protocol. Liver, hypothalamus and pituitary gland were collected, 
flash-frozen on dry ice and stored at -80°C until later processing. On the day 
of sampling, fish were not fed so that post-prandial effects could not 
confound the hormonal levels. 
Determination of plasma glucose levels 
Plasma glucose was determined by use of the “Glucose liquicolor” method 
(Wako chemicals, Neuss, Germany) according to the manufacturer’s 
instructions. 
Determination of plasma cortisol concentrations 
Cortisol was measured using a radioimmunoassay in a 96-well plate as 
described before (Gorissen et al. 2012).  
Gene expression analysis 
Total RNA was isolated in Trizol (Invitrogen, Carlsbad, USA) according 
to manufacturer’s instructions and then dissolved in water. RNA 
concentration was determined by spectrophotometry (Eppendorf, Hamburg, 
Germany). One µμg of total RNA was incubated for 15 min at room 
temperature with 1 µμl DNase I (Invitrogen) in a volume of 10 µμl to remove 
genomic DNA. DNase was inactivated by addition of 1 µμl 25 mM EDTA 
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and incubation at 65°C. To each sample, 300 ng random primers, 4 µμl 5x 
First Strand buffer, 1 µμl 10 mM dNTP mix, 2 µμl 0.1 M DTT, 1 µμl 
RNaseOUT and 200U of Superscript II Reverse Transcriptase (all from 
Invitrogen) was added and incubated for 50 min at 42°C to synthesize first 
strand cDNA. The cDNA was kept at -20°C until assessment of relative 
mRNA levels by real-time quantitative PCR (RT-qPCR). Five µμl of 5 × 
diluted cDNA was used as template and 12.5 µμl SYBR Green Mastermix 
(Applied Biosystems), 5 µμl forward primer, 5 µμl reverse primer (for primer 
sequences see Table 4.1) and 1.5 µμl dH2O were added. RT-qPCR (10 min 
95°C, 40 cycles of 15 s 95°C and 1 min 60°C) was carried out on a 7500 Real 
Time PCR system (Applied Biosystems). Data were analyzed with the ΔCt-
method. Two internal standards, 40S ribosomal protein S11 (40S) and 
elongation factor 1α (elf1α), were used in all PCRs and yielded similar 
standardization results (results standardized to 40S are shown). 
 
Table 4.1:  Nucleotide sequences of primers used for quantitative real-time PCR 
 
Statistics 
Statistical analyses were performed with Graphpad Prism 5.0 (Graphpad 
Software Inc., La Jolla, USA). Data were tested for normality with the 
D’Agostino & Pearson omnibus normality test. Differences were assessed by 
one-way ANOVA, followed by Tukey’s test to determine the significance. In 
the case of non-Gaussian distribution, or an inequality of variances, the 
Kruskal-Wallis test and a Dunn’s post-test were used. Means were considered 
significantly different when P < 0.05. The odd outlier was detected by 
Grubb’s test and omitted from the results.  
Gene Accession# FW 5’ ➙ 3’ RV 5’ ➙ 3’ 
40S AB012087 CCGTGGGTGACATCGTTACA TCAGGACATTGAACCTCACTGTCT 
agrp AM498378 GGTCATCACCTGCCCTGTTG GAAGGCCTTAAAGAAACGACAGTAA 
cart AM498379 CGCATCTCACTTTGGGAAAAG CTCCCCAACGTCGCATGTA 
crf AJ317955 CATCCGGCTCGGTAACAGAA CCAACAGACGCTGCGTTAACT 
crf-bp AJ490881 ACAATGATCTCAAGCGGTCCAT CCACCCAGAAGCTCGACAAA 
lep-aI AJ868357 CATATTGATTTGTCCACCCTTCTG CCATTAGCTGGCTCCTTGGAT 
lep-aII AJ868356 AGATACGCAACGATTTGTTCACA GCGTTGTTCTCCAAGAAAGCA 
npy AF287347 CTCTAACGGAAGGGTATCCA GCCGTGTTATGAGGTTGATG 
lepr AM498377 AATGTGACGACTGAAGGTGAAG CTGAAGCGAGGAATTGGATG 
pomc 
pptrh 
Y14618 
AB179818 
TTGGCTCTGGCTGTTCTGTGT 
TTACCGGTCGCTTTCACGTT 
TCATCTGTCAGATCAGACCTGCATA 
AGCTGTGTGCCAAACCAAAC 
elf1α AF485331 CACGTCGACTCCGGAAAGTC CGATTCCACCGCATTTGTAGA 
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Results  
Feeding and growth 
Voluntary daily food intake dropped dramatically in fish kept at 14°C 
(0.188 ± 0.03 grams) compared to fish kept at 27°C (4.89 ± 1.73 grams). 
Interestingly, ad libitum fed fish kept at 27°C doubled their weight over a 2 
weeks period (figure 4.1), and food intake increased more than 26-fold. 
 
Figure 4.1:   Body weight of common carp acclimatized to 14°C and fed ad libitum (white 
column), 27°C (pair-fed to the carp acclimated to 14°C; grey column) and 27°C  (fed ad 
libitum; black column) (n=10 for all groups). Columns that do not share the same letters are 
significantly different from one another. Values reflect means + S.E.; P < 0.01 was accepted as 
fiducial limit. 
 
Plasma cortisol and glucose  
Basal cortisol levels in all instances were below 10 ng/ml, tended to be 
higher at 27°C than at 14°C, and were significantly higher in the pair-fed fish 
at 27°C compared to fish at 14°C (Figure 4.2A). Glucose levels were 
significantly higher in carp at 27°C compared to both carp at 14°C and pair-
fed carp at 27°C; the latter groups had similar glucose levels (Figure 4.2B).  
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Figure 4.2:  Plasma cortisol (A) and glucose (B) levels of carp acclimated to 14°C (white 
columns), 27°C pair-fed to 14°C acclimated carp (grey columns) and 27°C (black columns). 
Values reflect means + S.E. Columns that do not share a common letter are significantly 
different from one another (P < 0.05).   
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Hepatic leptin and lepr mRNA 
In agreement with earlier observations on the same species we found a 40-
fold lower hepatic expression of the leptin-a-I paralogue than the leptin-a-II 
paralogues, whereas the leptin-b paralogues were not detectable by RT-qPCR 
in liver. Both leptin-a paralogues become expressed at significantly higher 
levels when fish are kept at 14°C. Pair-feeding fish at 27°C to those at 14°C 
did not alter the expression of these paralogues (Figure 4.3). Temperature and 
pair-feeding did not affect hepatic leptin receptor (lepr) expression levels (figure 
4.3).  
Hypothalamic genes related to feeding 
The expression levels of hypothalamic lepr did not differ between fish kept at 
14°C or 27°C nor did pair-feeding exert a significant effect on the 
 
 
Figure 4.4:  Hypothalamic gene expression of npy, agrp, cart, pomc. Results are normalized 
and expressed relative to 40S ribosomal S11 mRNA levels. Values represent means + S.E. (n = 
7 – 8). P < 0.05 was accepted as fiducial limit. 
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Figure 4.5:  Hypothalamic gene expression of lepr, pptrh, crf and crf-bp. Results are 
normalised and expressed relative to 40S ribosomal S11 mRNA levels. Values represent means 
+ S.E. (n = 7 – 8). P < 0.05 was accepted as fiducial limit. 
hypothalamic expression of lepr (figure 4.5), suggesting that hypothalamic 
targeting by hepatic leptin was not affected. Hypothalamic npy expression was 
not affected by our treatments (figure 4.4), but the orexigenic gene agrp was 
expressed roughly 3-fold lower in fish at 27°C; pair-feeding did not alter this 
(figure 4.4). The anorexigenic gene cart was up-regulated in 27°C fish and 
pair-feeding did not alter this response (figure 4.4). The other anorexigenic 
gene pomc (precursor to α-MSH) was not affected (figure 4.4).  
Hypothalamic crf expression was not affected by our treatments (figure 
4.5), but the expression of the crf-bp gene was significantly lower at 27°C than 
at 14°C; pair-feeding the 27°C fish abolished this effect (Figure 4.5).  Levels 
of pptrh mRNA increased when pair-feeding the fish (figure 4.5).  
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Discussion 
An ectotherm animal needs less energy input when ambient temperatures 
go down as its overall metabolic activity will decrease. Indeed, carp 
acclimatized to lowered ambient temperature reduced (essentially stopped) 
food intake; alternatively they could keep eating at lower conversion 
efficiency. However, as energy resources are generally lower in winter when 
ambient temperatures are low, the latter option seems not adaptive. To dissect 
the effects of temperature per se and reduced food intake on regulatory 
mechanisms that govern food intake we compared fish acclimatized to either 
14°C or 27°C fed ad libitum and fish at 27°C pair-fed to fish at 14°C; the 
pair-fed fish could be considered subject to a (mild) fasting regime. We 
analyzed hepatic leptin and leptin receptor gene expressions and hypothalamic 
first (npy/agrp; pomc/cart) and second order (crf, crf-bp and pptrh) orexigenic 
and anorexigenic genes as well as plasma glucose and cortisol levels. 
Carp acclimatized to low water temperatures decreased their food intake 
compared to warm-acclimatized fish by approximately 30-fold. This huge 
difference in food intake resulted in ‘only’ a doubling in body weight of the 
27°C acclimated carp after two weeks, indicative of an increased energy 
expenditure. We cannot be sure if the carp in our experiment obey the Q10 
effects (i.e. dictating that metabolic rate doubles with an increase of body 
temperature of 10°C), or that thermal compensation occurred [i.e. that the 
metabolic rate at different temperatures is not solely dictated by the Q10 
effects; (Guderley 2004)]. Either way, the metabolism of carp will be higher 
when water temperatures increase, resulting in the observed increase in food 
intake and, as a consequence, increase in body weight at the end of the 
experiment. If carp adhere approximately to this Q10 rule, this suggests that 
basal metabolic rate at 27°C would require around 0.5 grams of feed for 
maintenance. The other 4 – 4.5 grams would be required for growth and 
excess heat; 4 grams per animal per day, for two weeks, equals 56 grams of 
feed per animal to drive 15 grams of net body weight, giving a food 
conversion efficiency of ± 25%.  
The increase with temperature in plasma cortisol confirms (Arends et al. 
1998; Metz et al. 2003; van den Burg et al. 2003) that plasma cortisol levels 
in carp are modulated by acclimation to different ambient water 
temperatures. Higher cortisol levels in carp acclimated to warm water 
temperatures reflect the importance of cortisol in many processes. First, 
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cortisol serves in energy partitioning and may redirect energy (i.e. glucose) 
flows. Second, cortisol contributes to the maintenance of the hydromineral 
balance. With respect to hydromineral actions, cortisol is regarded as a 
‘seawater adapting hormone’ as it increases during acclimation to high(er) 
salinities and enhances  Na+/K+-ATPase activity (McCormick 1995; 
McCormick & Bradshaw 2006). Indeed, when (freshwater) carp are 
acclimated to cold water, Na+/K+-ATPase expression increases to 
counterbalance the temperature-dependent inactivation of the enzyme (Metz 
et al. 2003). Possibly, this effect is mediated by the (high affinity) 
mineralocorticoid receptor (MR), when cortisol levels drop and get too low 
for (the lower affinity) glucocorticoid receptor (GR) (Metz et al. 2003). 
Therefore, the increase in cortisol at 27°C pair-fed may reflect the metabolic 
status of the fish, rather than the hydromineral status. Moreover, since the 
carp in our experiment were acclimatized for four weeks to their respective 
ambient temperatures, the change in water temperature was never more than 
1°C/day, and the cortisol levels in all groups are below 20 ng/ml (i.e. below 
what would be considered “stress levels”), the temperature-dependent increase 
reflects not a response to an acute stressor (e.g. a sudden drop in water 
temperature). Rather, it appears to be a component of the acclimation to 
ambient temperatures.  
Acclimation to different ambient water temperatures requires many 
processes, including a reduction in appetite and metabolic activity. Leptin-a 
expression increases in common carp acclimated to low water temperature, 
and possible food-intake-reducing effects appear to be independent of the 
hypothalamic first order food-intake-regulating peptides (NPY/AgRP and 
CART/α-MSH). We observed a similar rise in leptin-a expression when carp 
are acclimated to low oxygen containing water (Bernier et al. 2012) – an 
acclimation process that, like that to low water temperature, includes anorexia 
and a concurrent drop in metabolism. In endotherms, metabolism and energy 
expenditure are stimulated by leptin administration (Scarpace et al. 1997). 
The increased leptin expression in cold-water acclimatized carp suggests a 
fundamentally different role of leptin in metabolic allostasis in ectotherms 
compared to the role of leptin in metabolic homeostasis in endotherms. To 
illustrate, carp maintained at 14°C have a lower(ed) metabolism; a condition 
that in endotherm mammals would result in decreased leptin expression. No 
general transcriptional response for low temperature acclimation has been 
described for teleostean fishes, but Rissanen and co-workers (Rissanen et al. 
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2006) postulate that the transcription factor hypoxia-inducible factor-1 
(HIF1) could have a role in this acclimation process. HIF1 functions as a 
regulator of transcription in response to hypoxia (Wenger 2002). In an 
ectothermic fish (viz. crucian carp; Carassius carassius L.) HIF1 DNA-binding 
increases with lower temperatures (Rissanen et al. 2006). By analyzing 
genomic data of zebrafish, we identified possible HIF1 responsive elements 
(HRE’s) in zebrafish leptin-a, leptin-b and lepr genes (Bernier et al. 2012), 
evidence that expression of these genes is under control of HIF1, and an 
increase in HIF1 activity at lower temperatures could be at the basis of the 
observed increase in leptin-a expression in this experiment.  
Surprisingly, the observation that the reduction in feed intake when carp 
are acclimated to cold-water temperature appears not to be channelled 
through the feeding-related neuropeptides NPY, AgRP, POMC (α-MSH) 
and CART. We predicted that the mRNA levels of these peptides would be 
the basis of the observed reduction in food intake. Instead, expression levels 
appear to follow a decreased food intake independently of liver leptin 
expression, as agrp increases and cart decreases, respectively, at lower(ed) 
temperatures; which could prime the animal’s appetite in case there is 
(sporadic) availability of food. AgRP is an endogenous antagonist for α-MSH 
at the level of the melanocortin receptor 3 and 4 (MC3R/MC4R) and it is 
known that α-MSH plasma levels increase with water temperature (van den 
Burg et al. 2003). The targets of this increased α-MSH levels are not fully 
clear, and might include targets in the CNS or the thyroid system (Geven et 
al. 2009). Therefore, it may be that the reduction of agrp in carp maintained 
at 27°C (reflecting a decrease in its antagonistic functions) effectively 
reinforces the effects of the already increased plasma α-MSH concentration in 
these fish. Cart expression decreases at lower water temperature compared to 
the pair-fed control group. Interestingly, pair-feeding did not alter cart 
expression levels. Moreover, pair-feeding (i.e. fasting) did not induce changes 
in expression of any of the four ‘classic’ hypothalamic feeding related 
peptides. It could be that the amount of food fed in the pair-fed group was 
sufficient for the fish to maintain its general homeostasis – reflected in the 
fact that the fasted fish did not loose weight in the course of the experiment, 
although they did not grow, like the 27°C ad lib fed group.  
The bioactivity of CRF is modulated by CRF-BP, as CRF-BP binds CRF, 
and by doing so prevents CRF from activating its receptor(s) (Huising et al. 
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2008). In common carp, CRF-BP is localized in perikarya of the recessus 
opticus, and is thought to modulate the corticotropic effect of CRF as CRF 
and CRF-BP are co-localized in hypophysiotrophic fibers (Huising et al. 
2004). In the present study we observed an increase in hypothalamic crf-bp 
mRNA levels as a result of food restriction induced by reductions in ambient 
temperature or pair-feeding; this profile would result in decreased bioactivity 
of (anorexigenic) CRF. Indeed, cold-acclimatized animals demonstrated a 
reduction of CRF message itself in addition to the increase in the expression 
of its natural antagonist CRF-BP. A similar regulation of the CRF system by 
modulation of crf-bp expression was observed by Geven and co-workers 
(Geven et al. 2006). Importantly, we dissected the hypothalamic inferior 
lobes combined with the nucleus preopticus (NPO), two regions that were 
shown to contain both CRF and CRF-BP positive neurons in zebrafish 
(Alderman & Bernier 2007). To our knowledge, little is known about the 
task partitioning of CRF neurons regarding regulation of the endocrine stress 
axis and food intake, which complicates the interpretation of the changes (or 
the absence thereof) in crf (and crf-bp) expression. Besides, in several fish 
species including common carp, CRF is considered to be the main 
thyrotropic factor (and not TRH; see next section of discussion). Whereas the 
energy partitioning effects of cortisol are well understood (Wendelaar Bonga 
1997; Mommsen et al. 1999), effects of thyroid hormones on lipid and 
carbohydrate metabolism are less defined (Plisetskaya et al. 1983). In general 
it is assumed that thyroid hormones exert effects similar to those of cortisol, 
so a decrease in CRF availability, plasma cortisol and plasma thyroid 
hormones seems to be in agreement with each other.  
In mammals, the hypothalamic, amidated tripeptide thyrotropin-releasing 
hormone (TRH; pGlu-His-Pro-NH2) controls the hypothalamus-pituitary-
thyroid axis, where the release of TRH stimulates production and secretion of 
thyroid stimulating hormone (TSH) from the anterior pituitary gland, which 
in turn stimulates the thyroid to produce (mainly) the prohormone T4. The 
role of TRH as a regulator of the HPT-axis in fish is elusive. Although 
thyrotropic activity of TRH is reported in several fish species (Eales & 
Himick 1988; Chatterjee et al. 2001; Chowdhury et al. 2004; Han et al. 
2004), results obtained in other fish species including common carp (Peter & 
McKeown 1975; Lamers et al. 1994; Larsen et al. 1997; Kagabu et al. 1998) 
show either no effect or an inhibition of the thyroid system. However, TRH 
may exert thyrotropic activities via α-MSH in common carp (Geven et al. 
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2009). Besides controlling the HPT-axis, in mammals TRH – together with 
CRF – is acknowledged as a second order anorexigenic factor, stimulated by 
α-MSH and CART, and inhibited by NPY and AgRP (Schwartz et al. 2000; 
Lechan & Fekete 2006; Morton et al. 2006). Surprisingly little is known 
regarding the role of TRH in food intake regulation in fish. Recently, Abbott 
and Volkoff (Abbott & Volkoff 2011) showed that in the goldfish (closely 
related to common carp) pptrh increases after a 3-day fasting challenge 
whereas pptrh levels were back to control levels after 10 days. Additionally, 
intracerebroventricular injections of TRH increased feed intake. Whether the 
increase in food intake is a direct effect of TRH, or that this is mediated by an 
increase in locomotor activity is not clear. In our experiments, fasting for over 
a week increased pptrh expression confirming the results from Abbott and 
Volkoff in goldfish, and indicating that, in contrast to the first-order feeding 
related hypothalamic centers, second-order anorexigenic and orexigenic 
peptides CRF and TRH can provide the basis for the reduction in food intake 
at low ambient temperatures.   
In mammals, leptin is essential in to balance energy intake and expenditure 
over the course of days. The increase in leptin-a expression observed in our 
experiments suggests that leptin may facilitate the reduction in food intake 
when metabolism is slower because of the lower water temperature. So, leptin 
in ectotherms may balance the energy intake and expenditure in response to 
seasonal variations in water temperature [or water oxygen content (Bernier et 
al. 2012)]. Because ectotherms do not need to thermoregulate, they provide 
us with an interesting model to study original functions of leptin, as 
ectotherms, like teleostean fishes, effectively show energy allostasis compared 
to the more stringent energy homeostasis of endotherms.   
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Abstract 
Proper functioning of the endocrine stress axis requires communication 
between the stress axis and other regulatory mechanisms. We here describe an 
intimate interplay between the stress axis and leptin in a teleostean fish, the 
common carp Cyprinus carpio. Restraint stress (by netting up to 96 h) 
increased plasma cortisol but did not affect hepatic leptin expression. 
Perifusion of pituitary glands or head kidneys with recombinant human 
leptin (rhL) revealed direct effects of leptin on both tissues. Leptin suppresses 
basal and CRF-induced ACTH-secretion in a rapid and concentration-
dependent manner. The leptin effect persisted for over an hour after 
administration had been terminated. Leptin decreases basal interrenal cortisol 
secretion in vitro, and by doing so attenuates ACTH-stimulated cortisol 
production; leptin does not affect interrenal ACTH-sensitivity. Our findings 
show that the endocrine stress axis activity and leptin are inseparably linked in 
a teleostean fish, a notion relevant to further our insights in the evolution of 
leptin physiology in vertebrates.  
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Introduction 
Since the initial cloning of the Obese (Ob) gene in mice (Zhang et al. 
1994), its key role in the regulation of food intake and body weight has been 
well established (Schwartz et al. 2000; Morton et al. 2006), fuelled by the 
increasing occurrence of obesity throughout the (Western) world. In 
mammals, leptin is primarily produced and secreted by white adipose tissue 
(Zhang et al. 1994) and circulates in proportion to the amount of body fat. 
From the blood stream, leptin is shuttled across the blood brain barrier 
coupled to a truncated soluble form of the leptin receptor (Kastin et al. 1999) 
and signals to the arcuate nucleus (ARC).  The peripheral signals regarding 
energy status are integrated and transmitted by arcuate neurons to higher 
order brain centres (among others the paraventricular nucleus, PVN) to 
terminate food intake, increase metabolism (Elmquist et al. 1998; Morton et 
al. 2006) and by doing so, guarantee energy homeostasis. Besides its key role 
in the regulation of food intake and body weight, in recent years leptin was 
shown to be a truly pleiotropic hormone, and has been implicated to serve in 
e.g. the immune response (De Rosa et al. 2007; Matarese et al. 2010), bone 
formation (Fu et al. 2006) and the stress response (Malendowicz et al. 2007).  
Early studies on leptin in fish revealed the liver as a main site of expression; 
further also it was shown that leptin expression does not change after fasting 
or feeding to satiation for up to six weeks (Huising et al. 2006). Since this 
first paper on the physiology of a teleostean leptin, a rather different leptin 
physiology in fish compared to mammals has emerged from studies on 
zebrafish (Gorissen et al. 2009), Atlantic salmon (Rønnestad et al. 2010), 
rainbow trout (Kling et al. 2009) and Arctic char (Frøiland et al. 2010):  in a 
nutshell, these studies support the notion of the liver rather than adipocytes as 
the primary site of leptin production; these studies further suggest that the 
role of leptin in energy homeostasis in fish may differ from the accepted role 
in mammals. 
The stress response in fish shows many similarities to that of terrestrial 
vertebrates (Wendelaar Bonga 1997). Primary stress hormones include the 
catecholamines and the signals of the hypothalamic – pituitary gland – 
interrenal (HPI) axis. In response to a stressor, corticotropin-releasing factor 
(CRF) produced in the nucleus preopticus is sent via axons to corticotrope cells 
in the pituitary gland pars distalis where it initiates the release of 
adrenocorticotropic hormone (ACTH). ACTH is transported to the 
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interrenal cells in the head kidney and triggers production and release of 
cortisol, the main end product of the stress axis (Wendelaar Bonga 1997; Flik 
et al. 2006). In fish, cortisol exerts a plethora of functions. Key targets for 
cortisol are the gills, liver, intestine and kidneys. These organs reflect the two 
major actions of cortisol in fish: regulation of (1) hydromineral balance and 
(2) energy partitioning. Fish do not produce aldosterone, they lack 
aldosterone synthase; dependent on the types of receptor (mineralocorticoid 
receptor [MR] or glucocorticoid receptor [GR]) present in a cell, cortisol 
exerts mineralo- and/or glucocorticoid actions (Wendelaar Bonga 1997; 
McCormick & Bradshaw 2006; Stolte et al. 2006).  
Stressed fish reduce their food intake and this is considered to be the main 
reason for impaired growth of stressed fish (Bernier 2006). Cortisol released 
during distress is assumed to be the primary mediator of impaired growth 
(Pickering 1993); cortisol influences growth of fish in several ways, e.g. by 
diversion of energy away from anabolic processes (Vijayan et al. 1991; De 
Boeck et al. 2001) or by the reduction of intestinal nutrient absorption 
(Mommsen et al. 1999).  
The energy partitioning actions of stress axis hormones, and a possible role 
for leptin in fish energy metabolism makes one to predict cross talk or 
bidirectional communication between leptin and the stress axis. In mammals, 
numerous studies describe effects of leptin at multiple levels of the HPA-axis: 
e.g. leptin decreases expression of CRF in the paraventricular nucleus and 
reverses the CRF-stimulatory effect of adrenalectomy (Huang et al. 1998; 
Arvaniti et al. 2001), augments plasma ACTH concentrations in response to 
electrical shocks (Kawakami et al. 2007), decreases adrenal steroidogenesis 
(Walker et al. 2004; Hsu et al. 2006) and lowers plasma corticosterone levels 
in mice (Huang et al. 1998). To date, no effects of leptin on the stress axis of 
any non-mammalian species have been reported.  
The demonstration of leptin genes in teleosts provides us with 
opportunities to study the physiology of this hormone in the earliest 
vertebrates, and gives us new and original insights in leptin physiology. We 
here demonstrate for common carp, Cyprinus carpio, interactions between the 
stress axis and leptin. Netting stress for up to 96 hours does not influence 
hepatic leptin-a mRNA levels, recombinant human leptin inhibits both basal 
and CRF-induced ACTH-secretion and decreases interrenal basal cortisol 
secretory activity, and these observations substantiate a direct effect of leptin 
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on stress axis components. Taken together, these findings show that the stress 
axis and leptin are intimately related in common carp.  
Materials and Methods 
Animals 
Common carp (Cyprinus carpio L.) was obtained from a commercial farm 
in Valkenswaard, The Netherlands. Fish were kept in glass tanks containing 
150 litre recirculated (80%; 20% fresh input of tap water), biofiltered and 
UV-treated Nijmegen tap water at 23°C. Fish were fed 2% of the estimated 
body weight daily with commercial fish food (Trouvit). Experimental design 
obeyed Dutch legislation and was approved by the ethical committee of the 
Radboud University Nijmegen.  
Restraint stress  
To examine leptin expression during stress, we applied net restraint as 
stressor. Carp (n=8 per tank) were housed in identical 150 litre tanks. Fish 
were fed 2% of the estimated body weight until restraint was given. On T = 0 
“control fish” were sampled and “restraint fish” were confined in a net. 
Restrained fish and pair-fed controls did not receive food from T = 0 until the 
end of the experiment. At defined time points, fish were sampled as described 
below.   
Sampling 
Fish were anaesthetised in 0.1% (v/v) 2-phenoxyethanol (Sigma, St Louis, 
USA) and blood was collected by puncture of the caudal veins with a 
tuberculin syringe fitted with a 25–G needle; Na2EDTA was used as 
anticoagulant. After blood collection, the fish were killed by cutting the spinal 
cord, just caudally of the opercula. For perifusion, left and right head kidneys 
were collected, as was the pituitary gland, which was bisected into pars distalis 
and pars intermedia. For quantification of mRNA levels, collected tissues were 
flash-frozen on dry ice and kept at -80°C until processing.  
Determination of plasma glucose and NEFA levels 
Plasma glucose and non-esterified fatty acids (NEFA) were determined by 
use of the “Glucose liquicolor” and “NEFA-C” method, respectively, 
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according to the manufacturer’s instructions (Wako chemicals, Neuss, 
Germany). 
Perifusion 
Perifusion experiments were performed as previously described (Metz et al. 
2004). Briefly, head kidney or the pituitary pars distalis were placed in a 
perifusion chamber and perifused with carbogen-saturated (95% O2/ 5% 
CO2) 15 mM HEPES/Tris-buffer (pH = 7.4) containing 128 mM NaCl, 2 
mM KCl, 2 mM CaCl2, 0.25% (w/v) glucose, 0.03% (w/v) bovine serum 
albumin and 0.1 mM ascorbic acid. Peptides of interest were dissolved in this 
medium to the desired concentration. Medium was perifused at 30 µl/min. 
Perifused medium was collected over 5- or 15-min intervals and then 
immediately placed on ice until further analysis by radioimmunoassay (RIA).  
Determination of plasma hormone concentrations 
ACTH was quantified by RIA as previously described (Metz et al. 2004). 
In short, the incubation mixture consisted of 25 µl samples (in duplicate) or 
standards (in triplicate) with 100 µl of 1:1000 diluted antibody (against 
human ACTH[1-24]; Sigma, St Louis, USA). After 24 h at 4°C, 100 µl of 
125I-labelled human ACTH[1-39] was added and incubated for another 24 h 
at 4°C. Bound antigen were incubated for 30 min at room temperature with 
100 µl of 1:20 diluted goat anti-rabbit IgG (Biotrend, Köln, Germany) in 
0.005% (w/v) rabbit IgG (Sigma). To precipitate immune complexes, one ml 
ice-cold precipitation buffer (7.5% (w/v) polyethylene glycol 6000) was 
added and centrifuged for 10 min at 2000 × g and 4°C. The supernatant was 
aspirated and pellets were analysed for gamma-emission.  
Cortisol was measured using a RIA in a 96-well plate. All wells except the 
‘non-specifics’ received 100 µl cortisol antibody (Cortisol Antibody[xm210] 
monoclonal and IgG purified (Abcam); 1:2000 in 50 mM NaHCO3, 50 mM 
NaH2CO3, 0.02% NaN3, pH = 9.6) and were incubated overnight at 4°C. 
The following day, the plates were washed three times with 200 µl/well wash 
buffer (100 mM Tris, 0.9% NaCl, 0.02% NaN3). Subsequently, non-specific 
sites were blocked by the addition of 100 µl blocking buffer (100 mM Tris, 
0.9% NaCl, 0.02% NaN3, 0.25% Normal Calf Serum) to each well. Plates 
were covered and incubated for one hour at 37°C. Subsequently, 10 µl of 
standard (4 pg – 2048 pg cortisol/10 µl assay buffer containing 100 mM Tris, 
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0.9% NaCl, 0.1% 8-anilino-1-naphthalenesulfonic acid, 0.02% NaN3) or 10 
µl of undiluted plasma or perifusion medium was added to designated wells. 
Non-specifics and B0 received 10 µl assay buffer. After the addition of 
standards and samples, 90 µl (333 Bq) of 3H-hydrocortisone (PerkinElmer, 
USA, 1:10,000 in assay buffer) solution was added to all wells. Plates were 
incubated for four hours at room temperature, or stored overnight at 4°C. 
The plates were then washed three times with wash buffer. After the final 
wash step, all wells received 200 µl of ‘Optiphase hisafe-3 scintillation liquid’ 
(PerkinElmer, USA) and were covered. Beta-emission was quantified by a 3 
min count per well using a Microbeta Plus (Wallac/PerkinElmer, MA, USA).  
 
Table 5.1: Nucleotide sequences of the primers used for RT-qPCRs. 
Gene Accession # 5’-3’ forward primer 5’-3’ reverse primer 
leptin-a-I AJ868357 CATATTGATTTGTCCACCCTTCTG CCATTAGCTGGCTCCTTGGAT 
leptin-a-
II 
AJ868356 AGATACGCAACGATTTGTTCACA GCGTTGTTCTCCAAGAAAGCA 
elongation 
factor 1α  
AF485331 CACGTCGACTCCGGAAAGTC CGATTCCACCGCATTTGTAGA 
40S AB012087 CCGTGGGTGACATCGTTACA TCAGGACATTGAACCTCACTGTCT 
 
Gene expression analysis 
Total RNA was isolated with Trizol (Invitrogen, Carlsbad, USA) 
according to the manufacturer’s instructions and diluted as required in 
ultrapure water. RNA concentration and purity was measured by nanodrop 
spectrophotometry. Samples were treated with DNase (Invitrogen, Carlsbad, 
USA) to remove genomic DNA. One µl of total RNA was added to 1 µl of 
DNase I and incubated in a total volume of 10 µl at room temperature. 
DNase was then inactivated by addition of 1 µl EDTA (25 mM) and 
incubation for 10 min at 65°C to simultaneously linearize the RNA. To each 
sample 300 ng random primers, 4 µl 5x First Strand buffer, 1 µl 10 mM 
dNTP mix, 2 µl 0.1 M DTT, 1 µl RNaseOUT and 200 U of Superscript II 
Reverse Transcriptase (all from Invitrogen) was added and incubated for 50 
min at 42°C to synthesize first strand cDNA. cDNA was kept at -20°C. 
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Relative gene expression was assessed by real-time qPCR. In short, 5 µl of 5 × 
diluted cDNA was used as template in a reaction with 12.5 µl SYBR Green 
Mastermix (Applied Biosystems), 5 µl forward primer, 5 µl reverse primer 
and 1.5 µl dH2O. qPCR (10 min 95°C , 40 cycles of 15 seconds 95°C and 1 
min 60°C) was carried out on a 7500 Real Time PCR system (Applied 
Biosystems). Data were analysed with the ‘ΔΔCt-method’. Dual internal 
standards (40-S and elongation factor 1α [elf1   α]) were used in all PCRs and 
results were confirmed to be similar following standardization to either gene. 
Results standardized for elf1α are shown.  
 
 
Figure 5.1: Effect of netting restraint (black columns) for 24 and 96 hours on plasma 
cortisol (A), glucose (B) and NEFA (C) levels compared to control (gray column) and non-
fed controls (white columns). Values represent means ± S.E. (n=10). Columns that do not 
share a common letter differ significantly from one another. 
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Statistics 
Statistical analyses were performed with Graphpad Prism 5.0 (Graphpad 
Software Inc., La Jolla, USA). Data were tested for normality with the 
D’Agostino & Pearson omnibus normality test. Differences were evaluated 
with one-way ANOVA, followed by Tukey’s test to determine which means 
differed significantly from each other. The Kruskal-Wallis test was applied in 
the case of non-Gaussian distribution of data, or an inequality of variances, 
followed by a Dunn’s post test. P < 0.05 was accepted as fiducial limit.  
Results 
Netting stress for 24 and 96 h increases plasma cortisol 
Netting for 24 h or 96 hours increased plasma cortisol levels compared to 
control levels in fed fish (figure 5.1A). However, during netting fish are not 
fed; to discriminate between the effects of netting and the effects of fasting, 
we included pair-fed (i.c. fasted) control groups in our experiment. Cortisol 
levels in the fasted groups were slightly but not significantly elevated 
compared to levels in fed controls. The mild elevation of plasma cortisol 
values in pair-fed fish prevented discrimination of a rise in cortisol due to 
either netting or fasting. Clearly, pair-feeding is an important control and 
netting and fasting imposed only a mild stress to the fish.  
Glucose and NEFA were assessed to gain more insight in the metabolic 
status. Fasting for 24 or 96 hours decreased plasma glucose levels (from 
approximately 7 mM to approximately 4 mM); this effect was potentially and 
partially confounded by the high levels of (hyperglycemia inducing) cortisol 
after netting for 24 h (figure 5.1B). In general, the decreased glucose levels 
and concomitantly increased NEFA levels (figure 5.1C) indicate a shift from 
carbohydrate metabolism to fat metabolism, a characteristic of carp 
challenged with fasting.  
Hepatic leptin-a-I/II expression after netting stress 
Netting nor fasting for up to 96 hours up- or down-regulated hepatic 
leptin-a-I (figure 5.2A). However, leptin-a-II expression had decreased after 
96 hours of food deprivation (figure 5.2B). This down-regulation of leptin-a-
II is both observed in stressed fish and non-fed controls and this indicates that 
this is a fasting effect, rather than a reaction to the stressor.  
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Figure 5.2: Effect of restraint (black columns) for 24 and 96 hours on hepatic leptin-a-I (A) 
and leptin-a-II (B) expression. Gene expression presented here was first normalised to the 
expression of elongation factor 1α and then presented relative to controls. Values represent 
means ± S.E. (n=10).  Columns that do not share a common letter differ significantly from 
one another. 
 
Leptin attenuates basal and CRF-induced ACTH release 
Figure 5.3A confirms an earlier report (Metz et al. 2004) where it was 
shown that an ectopic pituitary gland pars distalis secretes ACTH 
spontaneously; this secretion decreases concentration-dependently by addition 
of recombinant human leptin (10-9 – 10-8; figure 5.3B and 5.3C). The effect 
of leptin addition on ACTH secretion is rapid (effect seen within 10 min) 
and persists for at least an hour, as ACTH secretion remains suppressed for at 
least 1 hour after removal of the leptin tonus.  
 
Figure 5.3 (opposite page): In-vitro release of ACTH from pituitary gland pars distalis in 
the absence (A, controls n=15), and presence of 10-9M leptin (B, n=8) and 10-8M leptin (C, 
n=6). Values represent the mean percentage ACTH release relative to basal, unstimulated 
release ± S.E. Asterisks indicate significant difference from basal release. 
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In most fish species, ACTH release is under positive control of 
hypothalamic CRF (Fryer et al. 1984; Baker et al. 1986; Rotllant et al. 2000; 
van Enckevort et al. 2000; Flik et al. 2006). Carp ACTH-cells respond to 
CRF only when dopamine is co-administered (Metz et al. 2004). We tested 
two CRF concentrations (10-7 and 10-6 M) on the ACTH release. Whereas 
CRF administered at a 10-7 M modestly increased ACTH secretion (figure 
5.4A), 10-6 M CRF markedly increased ACTH release (figure 5.4B).  Leptin 
(10-8 M) administration completely abolished CRF-induced ACTH secretion 
(figure 5.4C-D).  
 
 
Figure 5.4: In vitro release of ACTH from pituitary pars distalis. We assessed ACTH 
release induced by two concentrations of CRF, 10-6M (A) and 10-7M (B), and the effect of 
administration of leptin, 10-8M (C and D), on regulated ACTH release (n=8). Values 
represent the percentage ACTH release relative to basal, unstimulated release ± S.E. Asterisks 
indicate significant differences with basal release. 
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Leptin decreases basal cortisol secretion, but does not affect ACTH-sensitivity  
We exposed head kidneys to ACTH (5 × 10-8 M). From each fish, either 
the left or the right head kidney was exposed to 10-7 M leptin from the start 
of the experiment whereas the other head kidney (from the same fish) served 
as control. Administration of leptin from the beginning of the experiment 
decreased basal cortisol release (figure 5.5A), but not the percentual increase 
in cortisol release upon ACTH stimulation (i.e. the relative cortisol secretion 
calculated by manually adjusting the cortisol secretion just before the ACTH 
stimulation to 100%; figure 5.5B). 
 
Discussion 
The endocrine stress axis in fish is activated during both eustress and 
distress (Wendelaar Bonga 1997); interaction of the stress axis with other 
regulatory mechanisms targeting common metabolic pathways is pivotal for 
proper functioning of the stress axis during periods of fasting and 
(over)feeding, illness and during reproduction. In the past regulatory axes 
were often seen as independent and discrete entities; nowadays it is widely 
recognised that regulatory systems interact with each other and even share 
ligands and receptors to allow for bi-directional communication (Bernier et al. 
2009). Important communication occurs between the stress axis of fish and 
the thyroid axis (Geven et al. 2006; 2009), the reproductive axis (Schreck 
2010) as well as the immune system (Metz et al. 2006) and this is not 
different from the situation in higher vertebrates including mammals.  
Cortisol is a recruiter of carbohydrate fuels, and replenishes glycogen 
stocks (Mommsen et al. 1999). Although for fish not as firmly established as 
in mammals, leptin plays a key role in energy metabolism and is therefore 
likely to interact with the stress axis. In this paper, we provide first evidence 
for a teleostean fish that the stress axis is influenced by leptin. Leptin 
attenuates stress axis activity in common carp at multiple levels. 
The restraint stressor that we applied resulted in mildly increased cortisol 
levels, as described previously (Huising et al. 2004; Metz et al. 2004). Plasma 
glucose and NEFA levels indicate that this fish switches from a carbohydrate 
to a lipid based metabolism as glucose decreases and NEFA levels increase 
during fasting. Increased glucose levels after 24 hours of restraint stress, 
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compared to the 24 hours non-fed control group, correlate positively with 
high cortisol levels in the stressed group and are in accordance with 
hyperglycaemic effects of cortisol. Despite this marked increase in plasma 
cortisol and glucose (a secondary stress parameter) levels, no changes in leptin 
expression due to stress were seen. Possibly, the choice of (limited) sampling 
points (i.e. after 24 and 96 h of restraint) may have obscured changes in leptin 
expression. Moreover, cyprinid species have duplicate leptin genes as a result 
of an early, large-scale (possibly whole) genome duplication event around 300 
million years ago (Taylor et al. 2003; Volff 2005); these are called leptin-a and 
leptin-b (Gorissen et al. 2009; Kurokawa & Murashita 2009). The leptin-a 
paralogues (leptin-a-I and leptin-a-II) described in this paper (Huising et al. 
2006) originated more recently as the result of an additional genome 
duplication event 16 million years ago in the common carp lineage 
(Larhammar & Risinger 1994). One should predict the additional occurrence 
of two leptin-b paralogues in carp. Indeed, we recently identified two leptin-b 
paralogues in carp that we named leptin-b-I and leptin-b-II. As mentioned in 
the introduction, expression levels of leptin-b in liver were insignificant/too 
low to measure reliably. Importantly, we observed a decrease in hepatic leptin-
a-II expression after 96 h of fasting, an effect not seen in previous studies 
(Huising et al. 2006) when carp was fasted for up to 6 weeks. Such 
differential expression profile is in line with evolutionary conservation of two 
closely related genes resulting from a duplication event.  
To study the effect of leptin on various components of the stress axis we 
used a perifusion setup. Recombinant human leptin was used in these 
experiments as we did/do not have a sufficient supply of homologous carp 
leptins. Questions raised then regarding the validity of the experiments 
presented here seem justified as human and carp leptins share no more than 
25% amino acid identity. It should be noted though that the tertiary 
structure of human and fish leptins is remarkably similar and suggestive that 
heterologous peptides may activate the same receptor. Beyond that we feel 
that administration of human leptin to carp tissues is physiologically relevant, 
as human and Xenopus leptin (and these peptides display 35% amino acid 
identity) were shown to activate both the human and Xenopus leptin receptor 
(which also share a low 37% amino acid identity) and with equal potencies 
(Crespi & Denver 2006).  
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When leptin is administered to carp ACTH-cells, ACTH-release rapidly 
decreases (within 10 min) in a dose-dependent way. This effect is long lasting, 
as the ACTH release remains suppressed for more than an hour after 
application of leptin was stopped. There are at least six isoforms of the leptin 
receptor in mammals (obese receptor; Ob-R), of which only the long form 
(Ob-Rb) evokes second messenger responses and biological effects (Bjørbaek 
et al. 1997). In Atlantic salmon (Salmo salar L.) five leptin receptor mRNAs, 
splice variants from a single gene, are found (Rønnestad et al. 2010) but, 
again, only one of the transcripts possesses both a transmembrane domain 
and the intracellular segments essential for signal transduction. The ‘classical’ 
view on leptin signalling includes the JAK/STAT pathway and the activation 
and/or inhibition of gene expression by STATs; however, alternative, 
signalling events of short duration have been suggested for leptin signalling 
(Frühbeck 2006). The rapid and prolonged responses observed in our 
experiments do not preclude multiple signalling pathways. Short-term effects 
could impinge on a phospholipase C (PLC) pathway, more lasting responses 
to leptin will involve a JAK/STAT pathway (Gorissen et al. 2011).   
 
 
Figure 5.5: In vitro release of cortisol from head kidneys stimulated by 50 nM ACTH, with 
(open dots) and without pre-conditioning with 100 nM leptin (closed squares). Values 
represent the percentage cortisol release relative to basal, unstimulated/constitutive release (A) 
and absolute amounts of cortisol release (B) by the head kidneys (pmol / min) ± S.E. (n=8). 
Asterisks indicate significant differences between the pre-conditioned and the non-
preconditioned group. 
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We further examined effects of leptin on ACTH release evoked by CRF. In 
carp, CRF must be co-administered with dopamine to induce ACTH 
secretion (Metz et al. 2004). Indeed, the CRF administration under DA- 
tonus increased ACTH release. When leptin is co-administered from the start 
of the DA/CRF treatment, CRF-induced ACTH release is completely 
abolished.  
Thus, both constitutive and regulated (CRF-induced) ACTH-secretion are 
attenuated by leptin. The effects of leptin on cortisol secretion are somewhat 
different. When head kidneys are exposed to leptin, basal levels of 
(spontaneous) cortisol secretion decrease. The cortisol response to ACTH 
(expressed as percentual increase relative to basal levels) is not affected; clearly 
the absolute cortisol output of the interrenal cells is much lower than in the 
absence of leptin.  
In recent studies (Bernier et al. 2012), we found a marked and prolonged 
increase in hepatic leptin-a-I and leptin-a-II expression when carp are exposed 
to hypoxia as well as to low ambient temperatures (chapter 4 of this thesis). 
In these cases, common carp (a truly eurytherm fish that naturally meets large 
variation in water oxygen levels and temperatures) reduce their energy 
expenditure to survive adverse conditions. Mounting a large and sustained 
stress response in these adaptations could be counterproductive, as fish then 
need to save precious fuel to cope with the environmental demand imposed 
on them. Leptin then may serve as a signal to downplay the stress axis, and by 
doing so may represent a crucial factor in adaptation processes when energy 
partitioning is crucial. We stress the beauty of this eurytherm fish model to 
study fundamental roles of the pleiotropic cytokine leptin. 
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Abstract 
We identified orthologues of all mammalian Jak (Janus kinase) and Stat 
(signal transducer and activator of transcription) genes in teleostean fishes, 
indicating that these protein families were already largely complete before the 
teleost tetrapod split, 450 million years ago. In mammals, the stat repertoire 
consists of seven genes (stat1-4, stat5a, -5b and stat6). Our phylogenetic 
analyses show that STAT proteins that are recruited downstream of endocrine 
hormones (STAT3 and STAT5a and -5b) show a markedly higher primary 
sequence conservation compared to STATs that convey immune signals 
(STAT1-2, STAT4 and STAT6). A similar dichotomy in evolutionary 
conservation is observed for the JAK family of protein kinases, which activate 
STATs. The ligands to activate the JAK/STAT-signalling pathway include 
hormones and cytokines such as GH, prolactin, IL-6 and IL-12. In this paper 
we examine the evolutionary forces that have acted on JAK/STAT signalling 
in the endocrine and immune systems and discuss the reasons why the 
JAK/STAT cascade that conveys classical immune signals has diverged much 
faster compared to endocrine JAK/STAT paralogues. 
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Introduction 
Class-I α-helical cytokines constitute a monophyletic group of proteins 
that consists of molecules that convey signals of the endocrine system (e.g. 
growth hormone (GH), prolactin and erythropoietin (EPO)), as well as 
signalling molecules that coordinate host defence (e.g. interleukins) (Huising 
et al. 2006). All class-I α-helical cytokines fold in a typical four-α-helix barrel 
structure and signal through a group of related receptors (Liongue & Ward 
2007). These cytokines activate the Janus kinase / signal transducer and 
activator of transcription (JAK/STAT) pathway ultimately leading to changes 
in gene expression. Since its discovery as a regulator of interferon (IFN) 
responses in the immune system (Darnell et al. 1994; Schindler 2002), 
JAK/STAT molecules were shown to represent a common signalling pathway 
shared by many cytokines (Shuai & Liu 2003). The binding of a cytokine to 
its receptor typically leads to dimerisation of the receptor and subsequently to 
phosphorylation of recruited JAK molecules (Chen et al. 2004). The 
phosphorylated JAKs in turn phosphorylate several key tyrosines in the 
intracellular domain of the receptor, which then serve as a docking site for 
STAT proteins (Gadina et al. 2001). These STATs are phosphorylated on a 
single tyrosine residue, after which they form homo- or heterodimers with 
other phosphorylated STAT proteins. These dimers detach from the receptor 
and are then translocated to the nucleus where they promote or inhibit gene 
expression (Darnell 1997; Levy & Darnell 2002; O'Shea et al. 2002) (figure 
6.1).  
In mammals, the Jak family consists of four distinct genes (Jak1-3 and 
Tyk2) whereas the Stat repertoire consists of seven distinct Stat genes, (Stat1, -
2, -3, -4, -5a, -5b, and -6) (Darnell 1997). Some promiscuity exists among 
STAT proteins regarding the ligands and cytokine receptors that can activate 
particular STAT members, with sometimes multiple STATs that can be 
activated downstream of the same cytokine receptor [e.g. leptin’s main actions 
are exerted through STAT3 homodimers, but STAT1/STAT3 heterodimers 
also serve in leptin signalling (Bendinelli et al. 2000)]. Besides the well 
established roles in the immune system of STAT1-2, 4 and 6, in recent years, 
STAT3 and STAT5a/b emerged as regulators of T regulatory (Treg) and T 
helper 17 (Th17) cell development, differentiation and maintenance (Wei et 
al. 2008). Despite these contributions to vital aspects of the mammalian 
immune system, a very interesting demarcation exists between STAT3 and  
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Figure 6.1: JAK-STAT signalling. (A) The cytokine binds to a cytokine specific receptor α-
chain. (B) The receptor then dimerises with a β-chain shared by multiple cytokines receptor 
complexes. After dimerisation, the β-chain is phosphorylated. (C) Members of the JAK 
family can now bind to the receptor, are activated by transphosphorylation and in turn 
transphosphorylate a second site on the receptor. (D) Members of the STAT family can now 
bind to the receptor complex at this second site, and are phosphorylated by JAK. 
Phosphorylated STAT molecules dimerise, and translocate to the nucleus to alter gene 
transcription.   
 
STAT5 and the other STAT family members, as most of the classical 
hormones within the class-I α-helical cytokine family, such as GH, PRL, and 
EPO, signal predominantly via STAT3 and STAT5, whereas the other 
members of the STAT family serve predominantly in the immune response 
(Horvath et al. 1995). A similar differentiation exists between JAK1 and 
JAK2, which serve both in the signalling of immune cytokines and endocrine 
cytokines, and JAK3 and Tyk2, which serve in immunology only. 
All STATs share a highly conserved domain structure, including an SRC2 
homology (SH2) domain – involved in the formation of STAT dimers (Shuai 
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et al. 1994), a DNA binding domain (Horvath et al. 1995) and a 
transactivation domain (TAD) (Shuai et al. 1993). The latter domain shows 
the highest degree of variability among STATs at the primary sequence level 
and the gene structure (figure 6.7) and enables them to interact with different 
cofactors required for activation of a STAT-selective transcriptional profile 
(Levy & Darnell 2002).  
Virtually all our knowledge on intracellular signalling of class-I α-helical 
cytokines is based on rodent and primate models. In recent years, genomes of 
sufficient and sufficiently diverse vertebrate species have been elucidated to 
initiate a comprehensive study on the phylogeny and evolution of this key 
family of proteins. In the present study, we compare the jak and stat 
repertoires of mammals with those of key distantly related vertebrate species, 
including teleostean fishes. This approach gives us unique tools to reconstruct 
an evolutionary history, which is surprisingly dynamic and features multiple 
gene duplications and subsequent deletions. Moreover, our phylogenetic 
analyses reveal differential evolutionary rates for the immune and endocrine 
members of the JAK and STAT protein family. 
 
Methods 
Identification of JAK and STAT orthologues from databases 
We retrieved JAK and STAT sequences from the NCBI protein 
(www.ncbi.nlm.nih.gov/protein) and swissprot (www.expasy.org/sprot/) 
databases. To complete the JAK/STAT repertoire of key vertebrate species, we 
conducted an extensive BLAST (Altschul et al. 1997) search in the publicly 
available genome databases [www.ensembl.org (Hubbard et al. 2007)]. 
Because of the (as of yet) incomplete annotation of several genomes, it is 
inevitable that some BLAST searches yielded JAK/STAT orthologues that 
were overtly incomplete. These annotation were corrected by hand, by 
searching for the correct intron-exon splice sites and coding sequences in the 
genome. In our phylogenetic analysis, only complete coding sequences of jak 
and stat genes were used.  
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Reconstruction of phylogeny 
Multiple sequence alignments were constructed with ClustalW 
(www.ebi.ac.uk/Tools/clustalw2/index.html) and uploaded into MEGA 3.0 
(Kumar et al. 2004). Phylogeny was constructed on the basis of amino acid 
differences (p-distance) using the neighbour-joining algorithm. Phylogenetic 
trees were constructed using both pairwise and complete deletion parameters, 
which rendered trees with similar topology to one another. Only the 
phylogenetic analyses using pairwise deletion are shown. Reliability of the 
trees was assessed by bootstrapping (1000 replications).  
Characterization of the nature of selective force: pN/pS ratios 
We calculated the ratio between the proportion of non-synonymous (pN) 
and synonymous (pS) substitutions for all stats. In order to do this, the coding 
region of each stat paralogue of zebrafish and pufferfish was aligned pairwise 
to its human orthologue. We corrected these nucleotide alignments by hand 
for overt mismatches, guided by the corresponding amino acid alignments. 
Then, the number of (non)synonymous sites and (non)synonymous 
substitutions were determined in MEGA 3.0 according to the Nei-Gojobori 
method (Nei & Gojobori 1986). To test if the level of purifying selection (i.e. 
pN/pS<1) is statistically different from neutral selection (i.e. pN/pS=1), we 
conducted a Z-test on the pN/pS ratios. Significance is indicated with 
asterisks.  
Results 
Phylogeny of vertebrate JAK/STATs 
By scrutinizing available genomes and protein databases we identified 
teleostean orthologues for all mammalian JAK and STAT family members. 
This indicates that the contemporary JAK/STAT repertoire was already 
complete before the teleost-tetrapod split (~450 Mya), with the exception of 
the mammalian and teleostean STAT5 paralogues (as discussed later in this 
paper). Although STATs have been found in several invertebrates, a repertoire 
of STAT proteins reminiscent of the vertebrate STAT family has not been 
identified in any non-vertebrate. In the sea squirt (Ciona intestinalis), a key 
species in chordate evolution as it represents one of the closest non-vertebrate 
relatives to the vertebrate subphylum, only one jak and two stat genes (stat-a 
and stat-b) have been identified (Hino et al. 2003). This suggests that both 
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the JAK and the STAT repertoire radiated early during vertebrate evolution, 
after the urochordate-vertebrate bifurcation but before the teleost-tetrapod 
split.  
Our phylogenetic analyses show that JAK1 and JAK2 (figure 6.2), which 
act downstream of immune and endocrine signals, display a noticeably higher 
primary sequence conservation than JAK3 and Tyk2, which are restricted to 
signalling in immune pathways, as they cluster more compactly. Similarly, 
STAT3 and STAT5 (figure 6.3), which both convey endocrine signals, 
display noticeably higher primary sequence conservation than the STAT 
proteins that serve in immunity. To quantify this observation, we calculated 
the ratio of non-synonymous to synonymous substitutions (pN/pS ratios) of 
the stat repertoire of zebrafish (Danio rerio) and Japanese pufferfish (Takifugu 
rubripes) in comparison to the human repertoire of STAT genes (table 6.1). 
The ratio between the proportion of non-synonymous substitutions (pN) and 
the proportion of synonymous substitutions provide us with insight in the 
type and strength of the selective pressure that has acted on a protein 
sequence in a given evolutionary time frame. In addition, pS values provide 
information regarding divergence time between two sequences. As 
synonymous substitutions generally experience no selection, orthologous or 
paralogous genes that have separated earlier in evolution, in general will have 
acquired more synonymous substitutions – and therefore carry a higher pS 
value – than genes that separated more recently and therefore the pS value is 
an indicator of the divergence time between two sequences. By definition, 
pN/pS values < 1 indicate purifying selection, which is aimed at maintaining 
an amino acid sequence constant. The counterpart of purifying selection is 
positive selection, which favours amino acids changes and is characterized by 
a pN/pS ratio > 1. Neutral selection is assumed if neither purifying nor 
positive selection is demonstrated. 
For all stat family members pN/pS ratios < 1 are observed, which indicates 
that all stats have been subjected to some degree of purifying selection over 
the examined time frame. Stat3 and stat5 show markedly lower pN/pS values 
compared to the other stats, and this corroborates our earlier observation 
concerning the noticeably more compact clustering of these stats in 
phylogenetic analysis (figure 6.2) and indicates that stat3 and stat5 
experienced stronger purifying selection over the course of vertebrate 
evolution which led to better conservation of their primary amino acid  
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Figure 6.2: Neighbour joining phylogenetic analysis of vertebrate Janus Kinase (JAK) 
proteins, performed under pairwise deletion and p-distance conditions in MEGA3 (Kumar et 
al. 2004). For mammals (red), marsupials (purple), birds (yellow), amphibians (green) and 
teleostean fishes (blue), several key species are included in this phylogenetic analysis. 
Bootstrap values of all main branches are indicated by the size of the dots. JAK proteins 
involved in immunology only (viz. JAK3 and Tyk2) show longer branch lengths than JAKs 
downstream of both immune and endocrine signalling molecules.  
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Figure 6.3: Neighbour joining phylogenetic analysis of vertebrate STATs, performed under 
pairwise deletion and p-distance conditions in MEGA3 (Kumar et al. 2004). For mammals 
(red), marsupials (purple), birds (yellow), amphibians (green) and teleostean fish (blue), key 
species are included in the phylogenetic analysis. Bootstrap values of all main branches are 
indicated by the size of the dots. STAT proteins known to act in the endocrine system (viz. 
STAT3 and STAT5) display shorter branch lengths than STATs known to signal in the 
immune system.  
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sequences in comparison to the other stat family members. In addition to the 
pN value for each gene, we also examined the distribution of the non-
synonymous substitutions (between the stat repertoire of zebrafish and that of 
human) within each member of the stat family (figure 6.4). As already 
indicated by the phylogenetic analysis and pN/pS values, stat1-2, -4 and -6 
show markedly more non-synonymous substitutions. Interestingly, the 
domain that displays most non-synonymous substitutions is the 
transactivation domain (TAD). The complete lack of studies addressing the 
properties of teleostean TADs precludes speculation on the consequences of 
the widely variable and poorly conserved TAD domains; from mammalian 
studies we know that the TAD is involved in the binding of different co-
factors required for STAT-induced transcription of target genes. 
A model for the genesis of contemporary vertebrate STAT repertoires 
Alternating views exist on early key formative events that shape 
contemporary vertebrate genomes. The 2R hypothesis postulates that two 
successive rounds of whole genome duplication occurred before the teleost-
tetrapod split, accounting for the presence of many genes, or gene clusters 
found on four paralogous loci (Sharman & Holland 1996; Sidow 1996; 
Meyer & Van de Peer 2005). Others have pointed out that series of tandem 
duplications of large genomic segments could also account for the 
distribution of ancestral genes across paralogous loci (Hughes & Friedman 
2003; 2004). Regardless, both hypotheses agree on the occurrence of large-
scale genomic duplication events in the formative stages of the ancestral 
vertebrate genome. Following these large-scale rearrangement events, many of 
the newly acquired duplicates were lost in order to arrive at the present-day 
genomic distribution of many gene families, including the stats.  
In mammals, stat genes are distributed over three independent 
chromosomal regions (figure 6.5), with each locus carrying two genes, with 
the exception of the region that contains stat3 and both stat5 paralogues. This 
suggests that the ancestral stat gene was duplicated by tandem duplication. 
Indeed, the stat repertoire of Ciona intestinalis, the sea squirt, consists of two 
stat genes (stat-a and stat-b) that reside on separate loci (Hino et al. 2003). 
One of these loci may be the representative of the ancestral stat gene that gave 
rise to the contemporary vertebrate stat repertoire, while the other sea squirt 
stat gene may have originated independently of the mechanisms that gave rise 
to the vertebrate stat family, or was lost in the course of vertebrate evolution.  
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Figure 6.4: Localisation of non-synonymous substitutions between zebrafish and human stat 
genes. For each domain of the STAT proteins, the primary sequence similarity is indicated as 
a percentage, i.e. the lower the percentage, the higher the amount of non-synonymous 
substitutions.   
 
After the first tandem duplication, the ancestral locus, carrying two 
tandem copies of stat, was subsequently distributed over three independent 
loci by two large-scale genome duplication events, possibly involving the 
genome duplications that constitute the 2R hypothesis (Copeland et al. 
1995). The mammalian stat5a/5b duplication is the result of a much more 
recent tandem duplication event that took place in the mammalian lineage 
after the teleost-tetrapod split, as we will discuss in the next section.  
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In contrast to mammalian stats that are nicely arranged in tandem repeats, 
teleostean stat genes (with the exception of the stat3/stat5.1 pair) are no longer 
distributed in tandem pairs. Although it is clear, based on our phylogenetic 
analysis, that teleostean stats are orthologues of the mammalian stats, the genes 
that encode them have somehow been scattered over their genome. To 
understand the events that underlie this distribution, we compared the 
synteny of the teleostean and mammalian stat genes to arrive at the following 
scenario for the distribution of stat genes in teleostean fish.  
Early in the teleostean lineage, an additional large scale gene duplication 
occurred (Wittbrodt et al. 1998; Jaillon et al. 2004), also known as the 
‘FSGD (fish-specific genome duplication)’ or ‘3R hypothesis’ and it appears 
that all teleostean loci that carry stat genes were duplicated in this event. In 
order for both duplicate copies to be maintained, each paralogue must acquire 
a distinct function that is subject to selection (in some cases, gene dosage may 
result in the maintenance of both paralogues (Kondrashov et al. 2002). 
However, as both paralogues will initially act fully redundantly, a failure to 
acquire distinct function, spatial, or temporal expression patterns will usually 
lead to one member of each pair disappearing. In general, it appears that the 
majority of these duplicated genes in the 3R event was subsequently lost, as 
the total estimated gene number of teleostean species does not greatly exceed 
the number of genes in the human or mouse genome (Aparicio et al. 2002). 
This is also true for the stat gene family. After duplication, one of the 
duplicated genes was subsequently lost in a manner that left the contemporary 
teleostean stats apparently isolated at their respective loci (figure 6.5). Human 
STAT1 and STAT4 for example, are located on chromosome 2. In zebrafish, 
stat4 is located on chromosome 9, but stat1 is positioned on chromosome 22 
(figure 6.4A). However, both zebrafish chromosomes carry neighboring genes 
that are orthologous to the neighbouring genes on the human STAT1/STAT4 
locus; zebrafish chromosome 9 and 22 each share three genes in synteny with 
the human 2q32.2/3 locus that carries human STAT1 and STAT4. 
Interestingly, on zebrafish chromosome 9, which carries zebrafish stat4, a 
remnant of another stat-like gene can be found (Stein et al. 2007). It consists 
only of the first 16 of the 25 exons that typically encode a full STAT protein, 
and is present in the zebrafish EST databases (EH485578.1), indicating that 
this truncated stat-like gene is expressed in zebrafish and therefore does not 
constitute a pseudogene. This STAT-like protein does not have a 
transactivation domain and may possess regulatory properties such as the 
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mammalian truncated STAT3β, which is considered a dominant negative 
regulator of STAT signalling (Maritano et al. 2004). More importantly, this 
observation underpins our hypothesis that stat genes in the teleostean ancestor 
resided in tandem pairs prior to their duplication. One of the tandem copies 
on most loci disappeared subsequently; an hypothesis further strengthened by 
the fact that in zebrafish, stat3 and stat5.1 are located in tandem, whereas 
stat5.2 is on a separate locus. 
The same phenomenon can be witnessed for the other zebrafish 
chromosomes containing stat genes (figure 6.5): neighbouring genes of the 
zebrafish stat paralogues have maintained synteny with their human 
orthologues. Some duplicate genes are conserved (i.e. neither of the two 
paralogues is discarded), and are present in synteny on both zebrafish loci. It 
is apparent that the additional genome duplication teleosts underwent 
resulted in the scattering of stat genes over more loci than in tetrapods (figure 
6.6).  
Stat5 underwent two independent tandem duplications during vertebrate 
evolution 
Although the framework for the STAT protein family was largely complete 
before the teleost-tetrapod split, two additional gene duplications have 
occurred thereafter. In both mammals and teleostean fish, but not in birds 
and amphibians, duplicate stat5 genes are found. Where mammals have stat5a 
and stat5b paralogues, the teleostean duplicate stat5 genes have been named 
stat5.1 and stat5.2 (Lewis & Ward 2004). Teleostean stat5 duplicates are 
present in both zebrafish (Danio rerio) and Japanese medaka (Oryzias latipes), 
but appear absent in pufferfishes (Tetraodon nigroviridis, Takifugu rubripes). 
The pN/pS ratios for stat5.1 and stat5.2, compared to either stat5a or -5b, are 
similar and lower than the ratios for the ‘immune’ stats (table 6.1), indicating 
that relatively strong purifying selection has acted on both stat5 duplicates in 
teleosts and tetrapods alike. 
The presence of stat5.1 and stat5.2 genes in zebrafish and medaka indicates 
that these two genes have arisen before the estimated divergence time of these 
species (~300 Mya), early in teleostean evolution. The pufferfish lineage arose 
approximately 180 Mya (Muffato & Roest Crollius 2008) and would 
therefore be expected to have duplicate stat5 paralogues as well. However, the 
genomic landscape of the puffers is substantially different from most 
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Figure 6.6: A proposed mechanism for STAT evolution: including 2R hypothesis as a basis 
of the radiation of the stat repertoire, the fish specific whole genome duplication (3R) and 
subsequent (partial) loss of paralogous stat genes. Animal pictures from left to right: sea squirt 
(C. intestinalis), zebrafish (D. rerio), Japanese medaka (O. latipes), opossum (Monodelphis 
domesticus) and mouse (Mus musculus). 
 
 
 
 
Figure 6.5 (opposite page): Conserved synteny of human and zebrafish stat1/stat4 (A), 
stat3/stat5 (B) and stat2/stat6 (C) loci. The partial zebrafish stat1 orthologue is named 
(p)stat1. In figure 3C, we omitted several genes that are not of interest regarding the 
conserved synteny of the stat loci. 
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Table 1: pN/pS ratios for human versus teleostean fish STATs and representatives of the 
signals they convey. pN and pS are calculated with MEGA3 software (Kumar et al. 2004). 
For zebrafish, values for the duplicated stat5 genes are indicated with 5.1 and 5.2 in brackets. 
We employed a Z-test based on the pN/pS ratios; all pN/pS ratios were proven significant 
with P < 0.001. 
human zebrafish S.E. tiger pufferfish S.E. main cytokine ligand 
STAT1 
0.326 0.021 0.268 0.019 IFNα/β, IFNγ  
(immune) 
STAT2 
0.537 0.026 0.615 0.037 IFNα/β 
(immune) 
STAT3 
0.088 0.010 0.086 0.010 G-CSF, IL6, leptin 
(endocrine/immune) 
STAT4 
0.281 0.018 0.314 0.020  IL12 
(immune) 
STAT5a 0.179 (5.1) 0.015 0.171 0.014 
PRL, EPO, TPO 
(endocrine) 0.216 (5.2) 0.016 - - 
STAT5b 0.167 (5.1) 0.013 0.239 0.018 
 GH 
(endocrine) 0.221 (5.2) 0.016 - - 
STAT6 
0.576 0.034 0.655 0.038  IL4, IL13 
(immune) 
 
 
vertebrate genomes as it is very condense and contains relatively little non 
protein-coding DNA (Aparicio et al. 2002). In light of these profound 
changes in genetic makeup that were experienced in the pufferfish lineage, it 
is plausible that pufferfishes lost one of their stat5 paralogues after the 
teleostean genome duplication in the course of evolution, although we cannot 
conclusively rule out that we are unable to retrieve a second stat5 gene in both 
pufferfish species as their respective genomes may not be entirely covered. 
The mammalian and teleostean stat5 duplicates do not form a uniform clade 
in our phylogenetic tree, as teleostean stat5 paralogues form a clade with other 
teleostean stat5s. This further supports our assertion that the teleostean stat5 
duplication occurred independently from the mammalian duplication. The 
pS values calculated for both human and zebrafish stat5 paralogues provide an 
estimate of when the duplications of teleostean and mammalian stat5 
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paralogues may have occurred. Synonymous mutations occur and are fixed in 
a population at a relatively constant rate, since there is generally no selective 
pressure acting on these nucleotide positions. Instead, selective pressure acts 
on amino acid sequences, and those are not affected by synonymous 
substitutions. The pS-value for stat5a versus stat5b is 0.377, whereas for the 
teleostean stat5.1 versus stat5.2 paralogues, the pS value is 0.766. Under the 
assumption of constant nucleotide substitution rate that is equal in both 
lineages, these numbers indicate that the teleostean paralogues arose 
independently from mammalian stat5a and stat5b and approximately twice as 
early in evolution. As the stat5 duplication events in mammals and teleostean 
fishes occurred independently, the fact that the duplicated stat5s still exist in 
contemporary mammals and fish suggests that the presence of two stat5 genes 
presented evolutionary advantages to mammals and bony fish that has led to 
their maintenance in both lineages (with the aforementioned exception of the 
pufferfishes).  
We know that the mammalian STAT5 paralogues, while highly similar in 
primary sequence, acquired partially independent functions: STAT5a serves 
in prolactin signalling, STAT5b acts downstream of growth hormone 
(Schindler 2002). This is illustrated by the observations from genetic models 
that revealed that stat5a knockout mice are deficient in prolactin signalling 
while stat5b knockout mice display sexually dimorphic growth retardation. 
Although both single knockouts are viable, mice that lack functional copies of 
both stat5a and -5b die a few weeks after birth (O'Shea et al. 2002), 
suggesting that some redundancy still exists between these paralogues. For the 
teleostean stat5 paralogues it is not known if they exert identical functions 
(and thus act fully redundantly) or if they have acquired different functions 
during the course of teleostean evolution. Nevertheless, given the fact that the 
primary sequences of stat5.1 and -5.2 share less identity with each other than 
mammalian stat5a and stat5b, it is tempting to speculate that that the 
teleostean stat5 genes too have adopted at least partially unique functions.   
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Figure 6.7: The stat gene structures are conserved throughout vertebrate evolution. Boxes 
indicate exons and are drawn to scale; numbers indicate their size in nucleotides. Grey bars 
indicate cysteine residues, which are generally conserved in their presence and spacing 
between the different orthologous stats. Green and red bars indicate the codons coding for 
the tyrosine residue that is critical for STAT phosphorylation and activation, and the serine 
residue of STAT1, -3, -4 and -5 for phosphorylation respectively. Endocrine stat gene 
structures show more conservation of the gene structure than the immunological stat genes. 
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Figure 6.7 (continued): Underlined numbers under the introns indicate intron phase and 
are only shown where differences between species occur. Animal pictures from top to bottom: 
human, mouse, Xenopus tropicalis, zebrafish and Japanese pufferfish. 
 
Conclusions 
We have seen a dynamic evolution of the STAT transcription factors 
family. Just as for the class-I α-helical cytokines (Huising et al. 2006) and 
JAKs (figure 6.2), a differential primary sequence conservation for the 
endocrine and immune STATs is observed, with the endocrine signals being 
better conserved than the immune signals. In mammals, it is now clear that 
STAT3 and STAT5a/b serve in the balance of Treg and Th17 cells (Wei et al. 
2008).  Our understanding of the early vertebrate immune system is not 
sufficient enough to be able to proclaim that Treg and/or Th17 cells are 
common aspects of vertebrate immunity, or constitute evolutionary recent 
additions to the mammalian immune systems. Regardless, the strong 
(endocrine driven) purifying selection that acted on STAT3 and STAT5 may 
mask the additional weak, immune driven, purifying selection, resulting from 
additional roles of STAT3 and STAT5 in immunity.   
The continuous threat of invasion by a large array of potential pathogens 
may have stimulated the evolutionary rate of immune signalling cascades. For 
example, members of the paramyxovirus family target STAT1 and STAT2 
proteins in an attempt to evade the immune response. Some viruses prevent 
STAT tyrosine phosphorylation, and thus activation, others express STAT 
ubiquitin ligases which result in the degradation of STAT proteins (Horvath 
2004). STAT1 and STAT2, involved in the anti-viral response downstream 
of IFNs display higher pN/pS ratios, indicating faster rate of evolution, 
compared to STAT3 and STAT5a/5b. As can be seen in figure 6.2, the family 
of JAK proteins displays a similar dichotomy in primary sequence 
conservation. JAK1 and JAK2 serve in the immune system and in the 
endocrine system, whereas JAK3 and Tyk2 are restricted to immune system. 
Indeed, JAK1 and JAK2 display shorter branch lengths in phylogenetic 
analysis, reflecting higher primary sequence conservation.  
As the challenges for the immune system are ever changing, molecular 
adaptation may provide an answer to these ever-changing threats. This loop 
of continuous adaptations of virus and host finds a remarkable homology in 
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the “Red Queen hypothesis” (Van Valen 1973). This hypothesis states that 
prey and predator co-evolve as one adapts to the changes of the other in a 
continuous loop. The endocrine system evolved under relatively constant 
conditions, as the communication principles in the endocrine system changed 
relatively little over time. On the other hand, vertebrates are under 
continuous threat of invasion by a large number of different and continuously 
evolving potential pathogens, and this may have culminated in an 
evolutionary arms race between the immune system and the plethora of ever-
changing pathogens. Under these conditions it may have proven 
advantageous for the vertebrate hosts to relax the constraints of purifying 
selection sufficiently to enable those STATs that concern themselves with 
host defence to adapt to the constantly changing playing field of pathogenic 
insults and thereby contribute to lasting homeostatic equilibrium and 
reproductive success. 
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Animals eat to obtain energy required to stay alive; to grow, energy intake 
must surpass expenditure. Food availability is rarely constant and seldom 
guaranteed in an animal’s life. Therefore, endocrine regulation of energy 
intake and expenditure (energy balance) is well controlled by hierarchic, 
‘multi-layered’, redundant and coordinated homeostatic feedback loops. The 
set points in these homeostatic control loops are not fixed. Adjustments of set 
points occur in accordance with predicted energy availability [i.e. allostatic 
control, constancy through change; (McEwen & Wingfield 2003)] and best 
explain the dynamic interaction with the environment. In mammals, leptin is 
at the basis of anorexic regulation through effects on both energy intake and 
expenditure: it inhibits food intake and increases metabolic rate, thereby 
depleting energy reserves (among others reviewed in (Schwartz et al. 2000; 
Morton et al. 2006). Further, leptin is notoriously pleiotropic in mammals, as 
most type-I α-helical cytokines are. The rather diverse prime targets of leptin 
(behaviour and metabolism) exemplify that understanding or explaining its 
well-known epithet ‘anorexic’ holds a grand challenge for physiologists.  
We reasoned that by studying phylogenetically older, more ‘original’ 
vertebrates, viz. fish, we could enhance our comprehension of the evolution 
of leptin physiology. Indeed, in recent years, a rather different picture has 
emerged for leptin physiology in teleostean fishes (e.g. (Huising et al. 2006a; 
Murashita et al. 2008; Frøiland et al. 2010; Rønnestad et al. 2010). In 
general, these early studies could not demonstrate the distinct correlation 
between leptin activity (neither at the mRNA level or at the protein level) and 
long-term energy status as seen in mammals. The very poor primary amino 
acid sequence conservation (chapter 1 and 2; (Kurokawa et al. 2005; 
Denver et al. 2010) of vertebrate leptins as well as the leptin receptors may 
reflect this variance in leptin functions in the vertebrate lineage. Indeed, when 
we look at the second messenger pathway of leptin and other class-I α-helical 
cytokines, the dichotomy between the primary sequence conservation of 
immune and endocrine janus kinase (jak) and signal transducer and activator of 
transcription (stat) genes (chapter 6), suggests that leptin, given its poor 
primary sequence conservation, may actually not be paramount for food 
intake/energy conservation in fish but may play substantially different roles 
that precede the role we have come to associate leptin with in mammals.  
Assuming that extant species of teleostean fishes exhibit a physiology 
comparable to when these earliest vertebrates arose, fish provide us with 
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unique and versatile models to get grip on early, original role(s) of leptin in 
vertebrate energy homeostasis. Two such models are proposed in search for 
the origins of leptin physiology. Carp (like most, yet not all teleosts) are 
eurytherms, and highly tolerant towards oxygen fluctuations in the water, 
even severe hypoxia (Zhou et al. 2000; 2001). Acclimation to a low water 
temperature or oxygen content will decrease metabolic rate, as a lower 
demand for energy and metabolic suppression under such conditions may be 
predicted. This kind of ‘natural’ inhibition of metabolism has no true ‘look-
alike’ in mammals, with perhaps the exceptions of torpor and true 
hibernation seen in some small mammals. So, carp provide us with 
experimental tools not matched by any equivalent mammalian (i.e. 
endotherm) model system. Moreover, models such as carp (and the very 
closely related zebrafish) may provide an invigorating perspective on the 
physiology of leptin, and its ancestral role before the onset of mammalian 
thermogenesis and the development of accompanying insulating white fat, 
which is the main producer of leptin in mammals (Zhang et al. 1994). 
Endothermy and its multiple consequences for metabolism and physiology 
(i.e. continuous heat production, insulation requirements, body mass, bone 
physiology, all processes known to involve leptin regulatory actions) may have 
driven pleiotropy significantly. Therefore it makes sense to go back to the 
origins of leptin physiology, and study this hormone in fishes.  
In this general discussion of my thesis three major aspects of leptin gene 
and protein structure and physiology in teleostean fishes are covered: 
1. In zebrafish and medaka (Japanese ricefish), we identified two leptin 
paralogues that we designated leptin-a and leptin-b. The presence of these 
duplicated genes in these two distantly related teleostean fishes suggests that 
duplicate leptin genes are a common trait among bony fishes and that the 
duplication occurred during the early radiation of the teleostean fishes 
(around 296 million years ago (Mya); see figure 2.9). Interestingly, the two 
leptin gene products of zebrafish share no more than a 24% amino acid 
identity with one another and with those of other vertebrates. Nonetheless, 
we are confident in assigning orthology between mammalian and zebrafish 
leptin genes for several reasons. (i) Both zebrafish genes exhibit the 
characteristic gene structure of two coding exons and (ii) a single conserved 
disulphide bridge. Zebrafish leptins (iii) cluster with other vertebrate leptins 
supported by high bootstrap values (as an out-group other class-I type α-
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helical cytokines were used). Both zebrafish leptin genes show synteny with 
the mammalian leptin gene (iv). Finally (v) the prediction of their tertiary 
structure shows that both leptin paralogues conform to the characteristic four 
α-helical bundle structure of the class-I type α-helical cytokines (chapter 2).  
2. Common carp, a tetraploid species, exposed to 10% O2 saturation for 
up to eight days ate on average 79% less food and elicited a gradual and 
parallel increase in hepatic leptin-a-I, leptin-a-II and leptin receptor genes 
compared to normoxic control fish. In contrast, expression of these genes 
remained unchanged in the liver of normoxic fish pair-fed to the hypoxia 
treatment. Hypothalamic expression of appetite-regulating genes was 
consistent with an inhibition and stimulation of hunger in the hypoxic and 
pair-fed fish, respectively, and reduced food intake led to a gradual increase in 
leptin receptor expression. Hypoxia and food restriction had opposite effects 
on carbohydrate and lipid metabolism (chapter 3). Carp acclimated to 
lower water temperature showed an increase in leptin-a-I and leptin-a-II 
expression. Surprisingly, the hypothalamic circuitry that regulates food intake 
did not act as one would predict based on the changes in leptin expression: 
agouti-related peptide (agrp) mRNA increased at lower temperature, whereas 
the anorexigenic cocaine and amphetamine regulated transcript (cart) expression 
decreased. Expression of corticotropin-releasing factor binding protein (crf-bp) 
increased in the pair-fed control group, indicative of a decreased 
bioavailability of (anorexic) corticotropin-releasing hormone (CRF). This 
expression of orexigenic and anorexigenic proteins reflects the feeding status 
of the carp at low temperature (viz. fasting). Both leptin-a paralogues in carp 
thus play a role in the adaptation to lowered ambient water temperatures, and 
independently of their effects on ‘classical’ hypothalamic targets that are 
believed to serve in the regulation of food intake (chapter 4). Together with 
our data on hypoxia adaptation in carp, these results suggest that leptin is 
involved in the coordinated regulation of appetite, the endocrine stress 
response and metabolism during hypoxia and low water temperatures – i.e. a 
lowered internal metabolism in teleostean fishes.  
3. Perifusion of pituitary glands or head kidneys revealed direct effects of 
recombinant human leptin (rhLeptin) on both tissues (chapter 5). 
Recombinant human leptin suppresses basal and CRF-induced 
adrenocorticotropic hormone (ACTH) secretion in a rapid and 
concentration-dependent way. rhLeptin decreases basal interrenal cortisol 
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secretion ex vivo, and by doing so attenuates the ACTH-stimulated cortisol 
secretion. Recombinant human leptin does not affect interrenal ACTH 
sensitivity. 
 
Duplicate leptin genes in fish 
Genetic duplications, and whole genome duplications in particular, are 
considered to be the main force by which an organism’s gene repertoire 
increases; because of a duplication event, one of the two gene copies can (on 
occasion) acquire a new function, whereas the other copy fulfils the ‘original’ 
task. In general, if the two paralogues fail to differentiate their functions or 
their spatial or temporal expression patterns [in some cases gene dosage effects 
may result in the maintenance of both paralogues (Kondrashov et al. 2002)], 
one of the two paralogues will disappear as a result of redundancy. It is now 
well established that before the teleost-tetrapod split, two rounds of large scale 
(often referred to as whole) genome duplication occurred (2R), followed by a 
teleost-specific genome duplication event (3R) (Sharman & Holland 1996; 
Sidow 1996; Meyer & Van de Peer 2005), greatly increasing the gene 
repertoire of the early vertebrates. Many of the genes that originated in the 
third (i.e. teleostean) genome duplication evidently disappeared in the course 
of evolution, as the estimated total gene number in teleostean genomes does 
not greatly exceed the number of genes in other vertebrate genomes (Aparicio 
et al. 2002).  
The dating of the ‘3R WGD’ [~300 Mya (Taylor et al. 2003; Volff 
2005)], at the very basis of teleostean evolution, indicates that probably all 
teleostean lineages have, or at least once had, duplicate leptin genes. Indeed, 
we were able to identify a leptin-a and leptin-b gene in medaka, a species 
whose evolutionary lineage separated ~296 Mya from the cyprinid lineage of 
zebrafish and common carp (see also figure 2.9), an observation that anchors 
the leptin duplication very early in teleostean evolution. So, it is likely that 
duplicate leptin genes are a common feature among bony fishes (or in some 
cases were; we could retrieve only a single leptin gene in the Tetraodon 
genomes that might have lost one of the two leptin paralogues after their 
separation from the Beloniformes (medaka) lineage ~186 Mya and their 
subsequent genomic reduction process). The elucidation of more and more 
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genomes will shed more light on the existence of multiple leptin paralogues in 
the many different fish lineages.  
However, duplication events in teleosts are common, and some teleostean 
genes still exist in duplicate today, also in the class-I α-helical cytokine family 
(Huising et al. 2005; 2006b, c). One can argue, that these gene pairs must 
have differentiated in functionality or in temporal and spatial expression 
patterns, otherwise one of the two would have disappeared over time. The 
duplicate leptin genes that we describe in chapter 2 are so extraordinarily 
different in their primary amino acid sequence conservation (i.e. in zebrafish 
these genes share a mere 24% amino acid identity) that it is hard to imagine 
that these leptin genes did not acquire different functionality and are only 
redundant. Indeed, the fact that they still exist and (one of the paralogues) has 
not been lost is testament to their non-redundancy.  
In chapter 2 we describe that zebrafish leptin genes are differentially 
expressed. Leptin-a is found mainly in the liver (as in common carp), whereas 
leptin-b has its highest expression in the ovaries, with much lower expression 
levels in the liver. Such a differential expression pattern, as found for zebrafish 
leptin paralogues, is often testimony to differential functions. Indeed, upon a 
fasting challenge for zebrafish for up to one week, hepatic leptin-b but not 
leptin-a expression decreased; a result that suggests differential regulation and 
actions of the zebrafish leptin paralogues. Studies on mammalian models have 
firmly established that the (single) Leptin gene product in mammals is a truly 
pleiotropic cytokine which serves in feeding (behaviour), metabolism, 
immunity, reproduction, bone metabolism and many more processes 
(Matarese et al. 2010; Hausman et al. 2012; Motyl & Rosen 2012; Zaidi et 
al. 2012).  
Zebrafish leptin proteins are predicted to have a third cysteine residue that 
may or may not be available for intra- or intermolecular disulphide bridging 
[a feature also present in fish interleukin-11(a and b) proteins (Huising et al. 
2005)]. This cysteine may facilitate some differentiation between the 
functions of zebrafish leptins. However, this extra cysteine is not a universal 
feature among teleosts, as medaka leptin-b lacks this cysteine, suggesting that 
if this amino acid is important in zebrafish leptin signalling, it may be species 
specific and restricted to zebrafish. From our tertiary structure models we 
cannot conclude whether the third cysteine residue is at the very border of the 
protein surface or embedded in the protein interior.  
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Interestingly, we were only able to find one leptin receptor gene in zebrafish 
(or indeed in any currently available teleostean genome we screened, 
including Japanese ricefish, Tiger pufferfish and Green-spotted pufferfish), so 
the question remains if these leptin paralogues have different signalling 
capacities through a single type of leptin receptor. The vast difference in 
amino acid sequence between leptin-a and leptin-b, combined with the leptin 
receptor binding properties (i.e. one binding site for leptin molecules), makes 
it difficult to envisage this mode of signalling. Indeed, when the binding 
energy of zebrafish and medaka leptin-a and leptin-b, bound to the single 
leptin receptor of each species are calculated, the binding energy of leptin-a is 
considerably higher than that of leptin-b (Prokop et al. 2012). Possibly, an as 
yet unknown receptor (of the large family of type-I α-helical cytokine 
receptors) acts downstream of one of the two leptin paralogues, or possibly, 
their actions are even regulated on yet another level. Prokop and colleagues 
(2012) suggest that the multiple leptins found in fish may bind to the leptin 
receptor through altered hydrophobic interactions in a temperature related 
manner; an attractive hypothesis, since fish are known to be subjected to 
fluctuations in water temperature, and as (most) fish are ectothermic, also to 
fluctuations in body temperature. Binding assays with leptin receptor and 
recombinant leptin-a and leptin-b will elucidate if both leptins act as ligand 
for the same leptin receptor, or that another scenario exists for leptin 
signalling in fish.  
 
Lower metabolism results in higher leptin (-a) expression in common carp 
In a healthy individual energy intake and energy expenditure are normally 
well balanced. Whereas energy intake consists of food intake, more in 
particular the amount of nutrients absorbed during digestion, energy 
expenditure consists of basal metabolic rate, physical activity and (in 
endotherms), heat production. In mammals, leptin regulates long-term body 
weight, through the regulation of food intake and the regulation of 
metabolism. If fat stores become depleted, food intake is stimulated whereas 
metabolism is slowed down to preserve valuable energy reserves. If energy 
stored in fat is abundant, the opposite occurs: food intake is inhibited and 
metabolism increases to burn excess fuel.  
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Most teleostean fishes are ectotherms sensu stricto. When we fasted carp 
(six weeks resulting in a 30% drop in body weight), no difference in leptin-a 
expression could be detected (Huising et al. 2006a), nor was there any 
difference in expression when we fed carp to satiation for 6 weeks (these fish 
doubled their body weight compared to control fish!). In chapter 3 and 4, 
we saw an increase in leptin-a expression (hepatic leptin-b mRNA levels were 
found too low to measure reliably) when we decreased the oxygen content in 
the water or by lowering the water temperature.  
The increase in leptin-a expression when the ambient water temperature is 
lowered is in contrast with the effect of cold exposure on leptin activity in 
mammals. In Brandt’s voles, leptin plasma levels fall dramatically during cold 
acclimation (Zhang & Wang 2006; Tang et al. 2009), yet the thyroid axis is 
strongly stimulated [a stimulation not caused by leptin, but the result of 
adrenergic input from the adrenal medulla (Arancibia et al. 1996)]. This 
discrepancy between mammals and fish may in part be explained by the fact 
that (ectothermic) fish are not forced to regulate their body temperature in 
the same strict way as endotherms do, giving them the opportunity to cope 
with fluctuations in body temperature. As a result, cold exposure does not 
have to lead to increased metabolism to produce heat. Besides, high leptin 
levels in mammals can inhibit steroidogenesis (Tena-Sempere et al. 2001; 
Salzmann et al. 2004; Srivastava & Krishna 2007), and since the long form 
(functional) leptin receptor of fish was found in various steroidogenic tissues 
(Wong et al. 2007), high leptin levels in fish may possibly modulate 
steroidogenesis during unfavourable reproductive conditions, i.e. low ambient 
temperatures and hypoxia. Indeed, in chapter 5 of this thesis, evidence is 
advanced that leptin reduces cortisol secretion by head kidneys (the 
equivalent of the mammalian adrenal glands) of teleostean fishes.  
Besides migration to lower water temperatures (if possible) to conserve 
energy and reduce oxygen consumption, inhibition of feeding and lowering 
their metabolism is one of the main responses of fish exposed to hypoxic 
water conditions, and explains the growth impairment seen under such 
conditions (Chu et al. 2010). Leptin secretion by mammalian adipocytes 
increases under hypoxic conditions and may involve mediation by the 
oxygen-sensitive transcription factor hypoxia-inducible factor-1 α (HIF-1α) 
(Bartella et al. 2008; Snyder et al. 2008; Wang et al. 2008). A similar HIF-1α 
pathway has been found in fish (Nikinmaa & Rees 2005; Kajimura et al. 
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2006), which prompted Chu and colleagues to study gene expression of 
leptin-a in zebrafish after chronic hypoxia. Indeed, hypoxia increased leptin-a 
mRNA expression in the liver of adult zebrafish. Moreover, cobalt chloride-
induced overexpression of hif-1α mRNA in developing zebrafish embryos 
markedly increased leptin-a expression (Yu et al. 2012), indicating that HIF-
1α is involved in the regulation of leptin-a. In addition to an increase in leptin 
mRNA, the adaptation to hypoxia results in a dramatically altered 
haematology (i.e. increased haematocrit and haemoglobin content to enhance 
oxygen carrying capacity) and changes in expression levels of signals of the 
feeding circuitry npy/agrp and pomc/cart to reduce food intake, and lower 
metabolism and save energy to relocate towards processes needed to cope with 
the change in environmental conditions.  
An important observation from our results is that the primary cue for the 
increase in leptin-a expression is low water temperature and hypoxia; not the 
associated reduction in feed intake (as evidenced by proper pair-feeding 
controls). As discussed by Huising and colleagues (2006) and in the 
discussion section of chapter 3, without a need to thermoregulate, fish can 
easily lower their metabolic rate for prolonged periods when confronted with 
food shortage. Consequently, there is a less rigid reason to signal a deficit in 
nutrient availability. However, the survival in conditions of low temperature 
and low oxygen content of the water requires a precise match between energy 
utilisation and intake, a balance that might be regulated by leptin.  
 
The endocrine stress axis of carp is attenuated by leptin 
Not too long ago, regulatory axes such as the thyroid axis, reproductive 
axis and the stress axis were regarded as sovereign and discrete entities. 
Nowadays, these axes are widely recognised as forming an interlinked 
‘regulatory web’. Indeed, several regulatory systems interact with one another 
via shared ligands and receptors (Bernier et al. 2009). In fish, communication 
between the stress axis and thyroid axis (Geven et al. 2006; 2009), stress axis 
and reproductive axis (Schreck 2010) and the stress axis and the immune 
system  have been described. In chapter 5 we describe direct effects of leptin 
on the stress axis in common carp, thereby expanding the ‘regulatory web’ 
with a link between the stress axis and the food intake regulatory system.  
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In fish, the stress axis ‘starts’ in the hypothalamic nucleus preopticus (NPO), 
where corticotropin-releasing factor (CRF) is co-produced with CRF-binding 
protein (CRF-BP) and released by axons in the neighbourhood of 
corticotrope cells in the pars distalis. These corticotrope cells produce the pro-
hormone pro-opiomelanocortin (POMC; as a response to stimulation by 
CRF), which is processed in the pars distalis into ACTH (POMC in the pars 
intermedia will be processed further into α-MSH – which plays a not fully 
understood function in coping with chronic stress). ACTH travels via the 
blood to the interrenal cells in the head kidney (the teleostean equivalent of 
the mammalian adrenal cortex) where cortisol is produced in response to 
ACTH stimulation. In teleostean fish, cortisol serves in two major processes: 
regulation of hydromineral balance and the redistribution of energy flow 
towards adaptation processes to cope with a certain stressor. The former 
process is conveyed through the mineralocorticoid receptor (MR), whereas 
the latter is delivered through the glucocorticoid receptor (GR) (Wendelaar 
Bonga 1997).  
In chapter 5, we show that recombinant human leptin attenuates the 
stress axis of common carp at multiple levels. At the level of the head kidney, 
the absolute amount of cortisol released is lowered under a leptin tonus, 
whereas the relative stimulation (in percentage of baseline levels) by ACTH is 
not affected. At the level of the pituitary gland, we observed a rapid and 
prolonged decrease of ACTH release, both basal constitutive and CRF-
induced, regulated release.  
As discussed earlier, in vivo (shown in chapter 3 and 4) leptin expression 
increases during hypoxic conditions and during acclimation to low ambient 
temperatures. In these conditions where energy expenditure is decreased 
dramatically, launching a large stress response could be counterproductive, as 
cortisol and metabolism are intimately linked. Leptin may serve as a signal to 
downplay the stress response in these conditions, and contribute to 
coordination of the delicate balance between eustress and distress.  
 
Perspectives 
The teleostean models provide us with unique virtues and a huge 
versatility to shed new light on the origins, and original functions, of leptin, a 
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pleiotropic hormone with a key and central role in the acclimation to 
environmental challenges that require energy reallocation. Leptin plays a 
substantially different role in the physiology of fish than the role of leptin that 
we associate with actions of leptin in mammals. The basis of these differences 
is likely to be found in the fact that (most) fishes are ectotherms and do not 
spend energy on heat production as endotherms do so significantly.  
Now, almost a decade after the discovery of leptin in teleostean fishes, all 
components of the mammalian leptin system have been identified in fish: 
multiple leptin genes, a single leptin receptor (with different splice variants 
and accompanying different signalling capacities) and a leptin receptor-
overlapping transcript (leprot). With this toolkit, comparative leptin research 
can elucidate the role of leptin in the earliest vertebrates, and with that, shed a 
new and original light on the origin and evolution of the system that 
coordinates energy homeostasis in all vertebrates studied so far.  
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Vissen zijn de succesvolste gewervelden op aarde met een geschat aantal 
soorten van 35.000; meer dan alle andere gewervelden – zoogdieren, vogels, 
reptielen en amfibieën – bij elkaar. Daarnaast zijn vissen, die ongeveer 450 
miljoen jaar geleden ontstonden, evolutionair gezien de oudste gewervelde 
dieren (vertebraten). Dit betekent dat vissen een sleutelpositie innemen in de 
evolutie, en dat onderzoek aan vissen ons belangrijke, nieuwe en originele 
inzichten in de fysiologie van alle vertebraten verschaft.  
Dit proefschrift gaat over de oorsprong van een hormoon dat in zoogdieren 
(inclusief de mens) het lichaamsgewicht en de energiebalans op de lange 
termijn regelt, maar in vissen een originele en andere rol lijkt te vervullen: 
leptine.  
Energiehomeostase vereist een precieze balans tussen energie-inname en 
energie-uitgave. Dagelijkse energie-inname varieert zowel binnen een individu 
als tussen individuen, maar op lange(re) termijn zijn de inname en uitgave van 
energie op de lange(re) termijn in balans in een gezond volwassen individu (in 
een groeiend organisme moet de balans naar positief doorslaan).  
De hersenkern nucleus arcuatus (ARC) speelt een sleutelrol bij het integreren 
van signalen uit de periferie die de hersenen informeren over de energiestatus 
van het lichaam. Er zijn twee typen neuronen in de ARC aanwezig, één type 
produceert neuropeptide Y (NPY) en agouti-related peptide (AgRP), een tweede  
produceert pro-opiomelanocortine (POMC; in deze neuronen verwerkt tot α-
melanocyt stimulerend hormoon – α-MSH) en cocaine & amphetamine regulated 
transcript (CART). De NPY/AgRP-neuronen stimuleren voedselinname, de 
POMC/CART-neuronen remmen de voedselinname. Dit hypothalaam 
netwerk is zowel bij zoogdieren als vissen aanwezig.  
In 1994 werd in muizen het gen ontdekt dat codeert voor het eiwit leptine 
(afgeleid van het Griekse woord ‘λεπτος’ dat mager betekent). Leptine wordt 
in zoogdieren door wit vetweefsel afgegeven aan het bloed en over de bloed-
brein-barrière getransporteerd in verhouding tot de hoeveelheid lichaamsvet. 
Anders gezegd, leptine informeert de hersenen over de hoeveelheid lichaamsvet 
(en dus energie), en is zo een regulator van het lichaamsgewicht op de lange 
termijn.  
Na de ontdekking van leptine in zoogdieren duurde het meer dan 10 jaar 
eer het leptinegen in vissen gevonden werd. In 2004 kloneerde ons lab twee 
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leptinegenen van de karper en werd het duidelijk waarom vissenleptine meer 
dan 10 jaar aan de aandacht van onderzoekers ontsnapte. De leptinegenen van 
de karper (toen genoemd leptin-I en leptin-II) komen op het niveau van de 
aminozuursamenstelling maar 24 en 25% overeen met humaan leptine. Ook al 
is de aanwezigheid van leptine in vissen an sich een vorm van evolutionaire 
conservering, de lage overeenkomst in aminozuursequentie geeft aan dat 
leptine minder geconserveerd is dan men lang aangenomen heeft. Bovendien 
wordt leptine in vissen niet in het vetweefsel geproduceerd, maar voornamelijk 
in de lever, een orgaan waarvan voor meerdere vissoorten bekend is dat het een 
opslagplaats voor vetten is. Op het moment van verschijnen van dit 
proefschrift, een tiental jaren na het kloneren van het karperleptinegen, zijn 
leptinegenen gevonden in een scala aan vissen, waaronder de zebravis, 
Atlantische zalm, regenboogforel, Japanse rijstvis (medaka) en Japanse puffervis 
(Fugu); opmerkelijk is dat al deze leptinegenen een vergelijkbaar lage 
homologie op aminozuurniveau laten zien (dus ook tussen vissen onderling). 
De tertiaire structuur is echter in hoge mate geconserveerd, net als andere type-
I cytokines bestaat leptine uit vier α-helices gerangschikt in een specifieke ‘two-
up-two-down’-configuratie. Ook de genen die in de buurt van leptine op het 
chromosoom liggen komen overeen als men de loci binnen het mensen- en 
vissengenoom bestudeert. Deze waarnemingen, samen met het feit dat in een 
fylogenetische analyse de leptines van vissen een groep vormen met 
leptinegenen van andere gewervelden én de gelijke gen-structuur in alle 
gewervelden, maken duidelijk dat we in vissen, ondanks de lage aminozuur 
conservering te maken hebben met een gen dat homoloog is aan het gen dat in 
zoogdieren voor leptine codeert.  
Het is belangrijk om ons te realiseren dat homologe eiwitten (zelfde 
oorsprong) lang niet altijd analoga zijn, dat wil zeggen gelijke functies 
vervullen. Vroege experimenten met karpers laten zien dat expressie van 
leptinegenen alleen direct na het eten toeneemt, maar niet verandert na vasten 
of overvoeren voor 6 weken, terwijl in zoogdieren leptine juist wel op zo’n 
lange termijn reageert. Vandaar dat het voornaamste doel van het onderzoek 
dat beschreven staat in mijn proefschrift was ons inzicht in de leptinefysiologie 
van vissen te vergroten.  
In hoofdstuk 2 laten we zien dat zebravissen twee leptinegenen bezitten, 
‘leptin-a’ en ‘leptin-b’. Uit de daarop volgende fylogenetische analyse blijkt dat 
de twee leptinegenen in karper duplicaties zijn van ‘leptin-a’, en dit houdt in  
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dat karpers in totaal vier leptinegenen bezitten: ‘leptin-a-I’, ‘leptin-a-II’, ‘leptin-
b-I’ en ‘leptin-b-II’. Deze hebben we ook alle vier kunnen aantonen in de 
karper. Met het beschrijven van deze genen voegen we belangrijk nieuw 
gereedschap toe om het volledige ‘leptinerepertoire’ en haar functie in vissen te 
bestuderen.  
In hoofdstuk 3 beschrijven we de respons van karpers wanneer deze 
blootgesteld worden aan water met een lage zuurstofspanning (hypoxie).  
Hypoxie komt in de natuur regelmatig voor wanneer bijvoorbeeld in de winter 
vijvers en meren bevriezen of door bacteriële, planten- en algenactiviteiten in 
eutrofe wateren. Als vissen niet kunnen ontsnappen aan het water met een lage 
zuurstofspanning (door te migreren) komt er een fysiologische respons op gang 
die onder controle staat van hypoxia inducible factor 1 (HIF1). In zoogdieren 
omvat deze respons onder meer genen betrokken bij de groei van bloedvaten, 
het aanmaken van rode bloedlichaampjes, cel proliferatie en glucosetransport. 
Vissen, met een stofwisseling die veelal gedicteerd wordt door de 
watertemperatuur, zijn in staat om hun eetlust en stofwisseling dramatisch te 
verlagen. Wij laten zien dat deze respons gelijk op gaat met een verhoogde 
expressie van ‘leptin-a-I’ en ‘leptin-a-II’  in de lever, vergeleken met een karper 
die blootgesteld wordt aan normaal, zuurstofrijk water. De expressie van 
leptinegenen verandert niet in vissen in normaal water maar minder gevoerd, 
namelijk net zo veel als de vissen die aan hypoxie blootgesteld zijn (en daarom 
minder eten). Daaruit kunnen we hard concluderen dat de veranderingen in 
expressieniveaus veroorzaakt zijn door de lage zuurstofspanning en niet door 
het minder eten. De expressie van genen in de hypothalamus (npy, agrp, pomc, 
cart, crf, crf-bp) komt overeen met een remming en stimulatie van 
voedselinname in respectievelijk de hypoxische karpers en de karpers in 
normaal water die minder te eten hebben gekregen. Hypoxie en 
voedselrestrictie laten tegenovergestelde effecten zien op de suiker- en 
vetstofwisseling. Beide behandelingen leiden tot een toename van het 
stresshormoon cortisol, kennen een karakteristieke respons op het niveau van 
expressie van tal van eiwitten betrokken bij regulatie van voedselinname en 
eetgedrag en een differentiële respons van het gen dat codeert voor de 
leptinereceptor in de hypofyse. Onze resultaten laten zien dat een laag 
zuurstofgehalte van het water expressie van leptin-a in de lever verhoogt. 
Bovenal suggereren deze waarnemingen dat leptine betrokken is bij de 
coördinatie van de regulatie van voedselinname en de stressrespons tijdens 
hypoxie.  
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Net als hypoxie zorgen fluctuaties in watertemperatuur gedurende de dag 
(dag versus nacht) en gedurende de seizoenen (zomer versus winter) voor 
uitdagingen waar veel vissoorten mee om hebben leren gaan over evolutionaire 
tijden. Temperatuur is een zogenaamde pervasieve factor, temperatuur 
beïnvloedt alle biologische processen, van diffusiesnelheden tot 
membraaneigenschappen en moleculaire interacties. Een karper kan omgaan 
met een scala aan temperaturen van 0 tot 32°C (een ‘eurytherme’ vis). De 
respons van een karper blootgesteld aan koud water omvat, net als de respons 
op een lage zuurstofspanning, een reductie van voedselinname en 
stofwisselingsactiviteit. In hoofdstuk 4 laten we zien dat de afname van de 
voedselinname inderdaad correspondeert met een toegenomen expressie van 
‘leptin-a’ in de lever. De expressieniveaus van de genen in het hypothalame 
netwerk veranderen niet volgens onze voorspellingen in dit experiment. We 
voorspelden dat deze genen aan de basis zouden liggen van de waargenomen 
verminderde voedselinname; echter de expressieniveaus van betrokken genen 
lijken de energiestatus van de karper te reflecteren, iets wat we niet zien als 
karpers blootgesteld worden aan hypoxie. Zo stijgen de gehaltes aan mRNA 
van agrp en crf-bp, terwijl dat van cart  afneemt bij een lage watertemperatuur.  
De verandering in leptine-expressie veroorzaakt door de lage 
watertemperatuur (minder eten alleen heeft geen effect op leptine-expressie), in 
combinatie met een hypothalaam netwerk dat niet reageert zoals voorspeld, 
maakt duidelijk dat leptine een rol speelt bij de adaptatie aan lage 
watertemperaturen, onafhankelijk van de ‘klassieke’ hypothalame doelwitten  
die betrokken zijn bij de regulatie van voedselinname. Op een nog onbekende 
manier interfereert leptine met hypothalame genen die de voedselinname 
reguleren.  
Als homeostase van een of ander regulatieproces in het gedrang komt door 
een interne of externe stimulus (de stressor) spreekt men van stress. Dieren 
reageren hierop met een stressrespons, die ze in staat moet stellen de 
homeostase te bewaken en de stressor het hoofd te bieden. De stressrespons van 
vissen lijkt sprekend op die van andere gewervelden en bestaat uit twee 
systemen: de hypothalamus – hypofyse – interrenale-as (HPI-as) met als 
eindproduct cortisol en de verder niet in dit proefschrift beschreven hersenen – 
sympatische zenuwen – chromaffiene cel-as met als eindproducten de 
catecholamines adrenaline en noradrenaline. Bij waarneming van een stressor 
wordt in de hypothalamus het hormoon corticotropin-releasing factor (CRF) 
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afgegeven aan de hypofyse. Dit CRF zorgt voor afgifte van een tweede 
hormoon, adrenocorticotropic hormone (ACTH), door de hypofyse, dat 
afgegeven wordt aan het bloed. ACTH op zijn beurt zorgt voor afgifte van het 
stress-hormoon cortisol door de interrenale cellen in de kopnier.  
In hoofdstuk 5 hebben we gekeken naar het effect van leptine op de 
verschillende onderdelen van de stress-as van de karper. Tijdens stressvolle 
situaties is het niet voordelig om energie te verspillen aan het zoeken van eten. 
Onze voorspelling was dan ook dat leptine de stress-as op één of meerdere 
niveaus zou remmen. Door hypofyses en kopnieren in een klein kamertje te 
plaatsen en medium met verschillende concentraties leptine over dit weefsel te 
leiden konden we nauwkeurig de afgifte van ACTH en cortisol bepalen. 
Leptine remde zowel de niet-gestimuleerde (basale) afgifte van ACTH door de 
hypofyse als de CRF-geïnduceerde afgifte van ACTH. Ook verlaagde leptine 
de basale cortisolafgifte, maar het had geen effect op de ACTH- gevoeligheid 
van de kopnieren. Deze bevindingen laten zien dat leptine en de stress-as elkaar 
beïnvloeden, en dat leptine betrokken is bij de coördinatie van de stressrespons 
in vissen.  
Zoals we in hoofdstuk 3 en 4 hebben laten zien is leptine betrokken bij de 
adaptatie aan hypoxie en lage watertemperatuur. In deze situaties waarbij de 
karper zijn energieuitgave reduceert is het nadelig als er een (te) grote 
stressrespons op gang komt. In deze situaties (waarin leptine-expressie 
verhoogd is) zou leptine op kunnen treden om de stress respons te moduleren 
en kan zo een sleutelfactor zijn in het adaptatieproces aan deze 
omgevingscondities wanneer het cruciaal is om goed met kostbare energie om 
te gaan.  
In hoofdstuk 6 laten we zien dat het signaaltransductie systeem van de 
type-I cytokines, de eiwitfamilie waar leptine deel van uitmaakt, grotendeels 
compleet was voor de evolutionaire splitsing van vissen en andere gewervelden. 
Het signaaltransductie systeem dat wij hebben bestudeerd bestaat uit de 
eiwitfamilies van de Janus kinases (JAKs) en de signal transduction and activator 
of transcription (STATs). De JAK eiwitten en de STAT eiwitten die betrokken 
zijn bij het endocriene systeem laten een hogere evolutionaire conservering zien 
dan de JAKs en STATs betrokken bij het immuunsysteem. Het is goed 
mogelijk dat de evolutie van de immunologische JAK en STAT moleculen 
gestimuleerd is door de continue bedreiging van continu veranderende 
pathogenen (waar de vis immers letterlijk tussenzwemt). De uitdagingen voor 
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het immuunsysteem zijn zeer veranderlijk, en moleculaire flexibiliteit en (snelle 
en frequente) adaptaties kunnen een oplossing zijn voor deze steeds 
veranderende bedreigingen. Dit is een interessante parallel met de zgn. Red 
Queen hypothesis die stelt dat prooi en jager co-evolueren in een wapenwedloop: 
de leeuw gaat harder rennen om de antilope te vangen, waarop de antilope 
harder gaat rennen, waarop de leeuw weer harder moet rennen, enz. enz. Het 
endocriene systeem daarentegen is geëvolueerd onder relatief constante 
condities, aangezien de principes van de endocriene communicatie (signalen en 
receptoren) weinig tot niet veranderd zijn over lange evolutionaire tijd.  
Met dit proefschrift hebben we nieuwe inzichten verworven in de 
leptinefysiologie van vissen, en daarmee in de vroege oorsprong van dit 
hormoon dat een sleutelrol speelt in de coördinatie van energiehomeostase in 
alle gewervelden. Leptinefysiologie in vissen verschilt substantieel van de 
leptinefysiologie in zoogdieren. Aan de basis hiervan ligt hoogstwaarschijnlijk 
het radicale verschil in hun stofwisseling, gezien het feit dat (de meeste) vissen 
ectotherm zijn en dus geen energie hoeven te spenderen aan het op peil houden 
van de lichaamstemperatuur. Leptine lijkt dus een rol te spelen bij de regulatie 
van de stofwisseling, en niet, minder of in ieder geval anders, bij de regulatie 
van voedselinname.  
Nu, bijna 20 jaar na de ontdekking van leptine in zoogdieren zijn alle 
componenten van het leptine systeem ook bekend in vissen: ze bezitten 
meerdere leptinegenen en een receptor met verschillende varianten en 
verschillende signaaltransductiemogelijkheden. Met deze gereedschappen kan 
vergelijkend onderzoek de functie van leptine in de vroegste gewervelden 
ontrafelen, en daarmee originele en nieuwe inzichten opleveren in de evolutie 
van dit belangrijke hormoon, dat aan de basis staat van de regulatie van 
energiehomeostase van alle gewervelden op aarde.   
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En dan is het tijd voor het dankwoord – dat beroemde, meest gelezen 
stukje van een proefschrift – waarin iedereen die heeft bijgedragen aan de 
noeste arbeid van de promovendus in het zonnetje wordt gezet. Ik wil 
iedereen hartelijk danken voor jullie inzet en voor de zeer plezierige werksfeer 
waarin ik de afgelopen jaren heb mogen werken, ook de mensen die ik 
eventueel vergeten ben te noemen in dit dankwoord.  
Het is moeilijk voor te stellen hoe dit boekje eruit zou zien zonder jouw 
hulp MARK. Na het lezen van jouw proefschrift werd mijn wetenschappelijke 
interesse in het bijzonder getriggerd na het lezen van het hoofdstuk over 
leptine genen in de karper. Een kort gesprek met jou en met GERT later en 
mijn promotieonderwerp was bekend. Zeker in het eerste deel van mijn 
promotie stond je me elke week bij per telefoon, jij was immers in de 
Verenigde Staten gaan wonen en werken, en de begeleiding ging ‘vanop 
afstand’. Ook al zagen we elkaar hooguit één of twee keer per jaar in real-life, 
ik kon me geen betere begeleider wensen. Na elk telefoongesprek of een email 
die meestal per ommegaande beantwoord werd kon ik weer verder en zat ik 
weer boordevol nieuwe ideeën. Dank voor alles, en ik wens je heel veel succes 
met de volgende stap in je carrière; het opzetten van je eigen onderzoeksgroep 
in de VS!  
GERT, je enthousiasme is aanstekelijk. Ondanks je drukke werkzaamheden 
in het onderwijs en management, die de laatste jaren een steeds groter beslag 
op je agenda legden, had je altijd tijd om mijn resultaten te bediscussiëren of 
een manuscript te verbeteren. Je gaf me veel vrijheid om mijn eigen weg te 
zoeken, dank voor het vertrouwen dat je in me had en hebt! Dank ook voor 
onze mooie werktrips naar o.a. Madison, Kreta en Matre! Het waren steeds 
weer mooie en leerzame tijden. Ook ben ik je zeer dankbaar voor alle mooie 
avonturen die we buiten het werk om beleefden, of het nu een BBQ aan de 
Waal was, een weekend met zijn allen naar de Ardennen of de Edersee, een 
etentje of fossielen zoeken in Mill, je bent er altijd bij, en bent dan niet de 
professor, maar staat midden tussen de anderen, een goede eigenschap van je! 
Ik hoop dat we in de toekomst nog mooie dingen beleven samen, en goede 
wetenschap mogen bedrijven.  
NICK it was a real privilege to work with you during your sabbatical leave 
in Nijmegen. I found it very inspiring to discuss work with you and to 
perform the hypoxia and stress experiments together. Next to that, I also keep 
warm memories to some spectacular evenings in the Nijmegen pubs and 
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restaurants, where not only science was discussed, but also the other things in 
life. I am very proud that our collaboration resulted in three joint papers, 
which form the backbone of this thesis. More importantly, we had a lot of 
fun on the road towards those three papers, which is exactly how doing 
science should be.  
SJOERD, ANTON and BOB, thank you for taking place in the manuscript 
committee.  
Een speciaal woord van dank voor mijn paranimfen JURIAAN, REMY en 
PETER C. Jullie zijn mijn maatjes binnen – en buiten – het werk en niet voor 
niets staan juist jullie me tijdens de voorbereidingen van, en tijdens de 
promotie zelf, bij. Dank voor hele mooie jaren! 
Dankzij het neon ‘borrellampje’ van de PLANTENGENETICI, en later onze 
roze flamingo, hebben we heel wat mooie avonden beleefd. Zodra één van die 
twee lampjes aangingen stonden we niet zelden binnen vijf minuten bij elkaar 
op de stoep voor een drankje. Mooie discussies, nieuwe muziek ontdekken, en 
ja, ook af en toe wat slappe klets verkopen. Dank allemaal! TOM G, daarnaast 
dank voor je hulp bij de laatste loodjes van het schrijven van mijn 
proefschrift! Jij was degene die tegen mij zei “eind van deze week wil ik je 
manuscript op mijn bureau hebben!”, waardoor ik dat waar ik lang tegenop 
had gezien opeens met een ander perspectief kon bekijken en ik de laatste 
pagina’s van mijn boekje af maakte. Grazie amico! Het is jammer dat je 
afscheid neemt van het werk, ik wens je heel veel goeds toe de komende tijd!  
Het werk zou niet hetzelfde zijn geweest zonder alle collegae van de 
afdeling organismale dierfysiologie en de collega’s van ‘cellulair’. DAISY, 
DEBBIE, DIANE, EDWIN, ERIC, ERIK, ERIK-JAN, ERWIN, FEICO, FROUWKE, 
INES, JAN, JEROEN B, JEROEN K, JONATHAN, JORIS, GEERT, GIDEON, LINDA, 
MAARTJE, MIYUKI, NICOLE, PACO, PETER K, REMCO, RICHARD, RICK, RON, 
STEFAN, STEPHANIE, TOM R, TONY, WIM A, WIM S, WOUT, en YVETTE.  
Jullie zorgen voor de karakteristieke werksfeer op onze afdeling. TOM S wil ik 
in het bijzonder bedanken voor de professionele hulp bij het runnen van de 
experimenten, alle hulp bij samplings en de gevraagde en ongevraagde 
adviezen met als resultaat dat de proefopzet altijd verbeterde. Tegenwoordig 
reizen we voor Copewell mariene instituten in heel Europa af. Ik geniet volop 
van die reizen, en jouw bijdrage aan deze experimenten is onmisbaar! 
Uiteraard moet er ook tijd voor ontspanning zijn in die weken, en ook dat 
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lukt prima; je bent een zeer prettige reisgenoot. Ik zal de weekjes in o.a. Kreta, 
Matre en Tromsø niet licht vergeten!  
Tijdens mijn promotieonderzoek heb ik het geluk gehad met heel veel 
studenten te mogen werken. MARLOES, MICHEL, ERIK, REMY, WILLEM, 
MAARTEN, STEFAN, MARJOLEIN, STEEF, FORTUNÉ en THIJS, ook al is niet al 
jullie harde werk terug te zien in dit boekje, jullie speelden een belangrijke rol 
de afgelopen jaren. Dat drie van jullie begonnen zijn aan een eigen 
promotietraject op onze afdeling, en twee op andere afdelingen binnen de 
universiteit is iets waar ik erg trots op ben. MARJOLEIN bedankt voor de 
mooie cover!  
Tot slot mijn familie. Het zal lang niet altijd duidelijk geweest zijn wat ik 
allemaal in Nijmegen uitspookte op het werk, maar ik hoop dat jullie trots 
zijn op het boekje dat voor jullie ligt. SHARON, dank voor al die keren dat er 
weer een cadeautje geregeld moest worden en ik natuurlijk weer nergens tijd 
voor had, ik kan altijd op je rekenen. PAP en MAM, jullie zijn er altijd voor me 
en hebben me altijd gesteund. Bedankt voor alles!  
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